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Kash, Aaron, M.S., September 2009
Forestry
The Use of Roll-Off Bins and a Hook-lift Equipped Harwarder and Truck for Forest
Biomass Utilization
Chairperson: Dr. Elizabeth Dodson
Extracting slash for utilization has long been a challenge for forest managers. Issues of
accessibility and costs generally prevent biomass utilization. The traditional slash treatment
is to pile and subsequently burn slash when environmental conditions allow. A harvesting
system consisting of roll-off containers and bunks and a hydraulic hook-lift equipped
forwarder combi-machine (or “harwarder”) and haul truck were tested for forest biomass
utilization and roundwood harvesting.
Detailed time-and-motion studies were conducted at two study sites in Western Montana.
The data from these studies were used to develop productive total cycle time equations for
processes involved with harvesting and transporting merchantable timber and woody
biomass. For each process studied, a statistical model quantifying the total cycle time was
developed.
Harwarder, cut-to-length, and ground based whole-tree harvest systems were analyzed
using productive total cycle time equations and independent variables. Some systems were
observed in the field while others were modeled. Sixteen systems (equipment combinations)
were analyzed plus one hand slashing system. Systems varied by pre-treatment hand-felling,
machine type, and slash treatment. Inputs such as forwarding distance, forest stand
conditions, haul distance, and market price were kept constant for the analysis.
Roll-off technology can be competitive with traditional slash management options. The
most cost effective system incorporated a sawyer for trees less than 4.5 inches DBH, fellerbuncher for roundwood material, rubber-tired grapple skidder, delimber at the landing, and a
forwarder for collecting trees less than 4.5 inches DBH. This system resulted in a net cost of
$366.59 per acre or $10.77 per ton.
System costs ranged from the most expensive being harwarder systems to the least
expensive being ground based whole-tree systems. Adding a sawyer to any system to fall
trees less than 4.5 inches DBH reduced net costs. Similarly, using a two pass system where
felling and processing was completed on the first pass and forwarding was completed on a
second pass reduced net costs if hand-felling was also used. Dedicated machine systems
resulted in lower costs.
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Introduction
Project Summary
Throughout the past two decades, increasing wildland fire hazard and risk to
communities have led government policymakers to recognize the need for the thinning of
overcrowded forest stands (Atkins et al. 2007). Densely stocked stands can provide an
environment in which fires quickly become severe due to fuel build up and ladder fuels
(Raymond et al. 2005). Treating small diameter trees and biomass is difficult as this material
has little market value and can be expensive to treat. In order to utilize the abundant volume
of biomass in western forests, woody biomass harvest operations need to be cost efficient
(Rummer et al. 2005, Western Governors’ Association 2006). A means of reducing the costs
of harvesting and handling small woody biomass needs to be developed. One potential
method is the use of hook-lift equipped trucks and harwarders in combination with roll-off
containers. “Roll-off” refers to modular containers that are “rolled” onto, and off of, the
haul truck and other forest machines by use of a hydraulic hook-lift (Han 2008). The
advantages of this system include its ability to allow access to remote landings not accessible
by highway container trucks, and a reduction in time and money spent in transferring
materials (Atkins et al. 2007).
This project conducted case studies in Eureka and West Yellowstone, MT. The
hook-lift and roll-off harvest system was implemented at these sites by Cky-Ber Enterprises,
Inc.

The roll-off study comes from the combined efforts of Montana Community

Development Corporation (MCDC), U.S. Forest Service, and The University of Montana.
MCDC received federal funding in the form of a Woody Biomass Utilization grant to
explore woody biomass utilization and used this money to fabricate roll-off bins and bunks.
The decision was later made to combine the harwarder and haul truck with
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roll-off

technology through the joint efforts of MCDC and the U.S. Forest Service State and Private
Forestry. The University of Montana was recruited to study how well the system performed
under various forest conditions, quantify cost and production rates associated with such a
system, and identify areas of possible improvement. Goals of observing and measuring rolloff equipment, developing total cycle time equations, and testing the cost competiveness of
roll-off systems with traditional slash management practices were set.
A time-and-motion study was used to segment each process involved in the
harvesting system into its basic elements. Such a process allowed the development of
productive total cycle time equations. Additionally, it helped demonstrate how the system
could be improved, which configuration of the system was most efficient, and allowed
associated costs to be calculated. Such knowledge will help forest managers treat biomass
and ladder fuels in forests. The outcome of this study has application to the management of
national forest lands, wildland-urban interface (WUI) areas, and private forest land as well as
furthering the emerging field of renewable forest biofuels. Having cost estimates for a range
of roll-off harvesting systems can help foresters and other land managers make betterinformed decisions.

Justification
Prior to the 20th Century, many forests of the western United States experienced low
intensity fires that controlled regeneration of fire-intolerant species, promoted fire-tolerant
species, maintained an open forest structure, reduced or maintained relatively low levels of
forest biomass, decreased the impacts of insects and diseases, and maintained wildlife
habitats for many species that use open stand structures (Covington et al. 1994). Natural fire
cycles have been altered across large areas of the West, changing the vegetative character of
many fire-adapted ecosystems and increasing wildland fire risk and hazard (Rummer et al.
2

2005). Actions are urgently needed to reduce excess fuel loads and restore national forests
and other western federal forests to a more resilient and less fire-prone condition.
Forest biomass has historically been treated using pile burning because of the
generally low costs (e.g., $92 per acre on average) for pile burning (Rummer et al. 2005).
However, pile burning can become expensive depending on stand conditions, forest access,
and crew logistics.

In addition to potentially high financial costs, there can also be

restrictions on the use of pile burning. High fuel loadings, air quality restrictions, short
windows of appropriate weather, and risk of escaped fire in the wildland-urban interface are
some of the factors that limit the application of pile burning (Rummer et al. 2005).
Implementing mechanical treatments that remove and utilize forest biomass and logging
residues is an appealing alternative given the drawbacks of prescribed fire.
Logging residues have long been acknowledged as a potential source of energy, but
the high costs of recovering these materials have restricted their use (Watson et al. 1986).
Costs of product handling per unit volume generally increase with decreasing stem diameter,
particularly when using equipment designed for merchantable wood (Rummer et al. 2005). A
versatile system is needed to efficiently and economically harvest roundwood and smaller
diameter woody biomass. One system that holds promise is hook-lift equipped forest
machines and roll-off containers.

Background
In 2004, the hook-lift and roll-off bin system built specifically for forestry operations
was developed. The system allowed access to remote landings which are not accessible to
highway container trucks (Atkins et al. 2007). Development of this system was led by Bob
Rummer (Southern Research Station, US Forest Service). Craig Thomas, a Montana-based
professional forester and logging contractor and owner of Cky-Ber Enterprises, Inc.,
3

purchased a truck and fabricated four roll-off bins to be used with this new system (Atkins et
al. 2007).
Initially the system consisted of a 1989 Peterbilt Class 8 truck with a Stellar Model
52,000 lb.-capacity hook-lift system.

Roll-off bins and log bunks were fabricated to

transport woody biomass and logs by lifting them onto the truck bed using the hook-lift.
The hook-lift truck could carry up to four empty bins or bunks at a time due to their tapered
design.
The roll-off system was modified in the fall of 2006 after learning of interest by the
San Dimas Technology and Development Center (SDTDC).

Project leaders from the

SDTDC reasoned that a forwarder equipped with a hook-lift could accelerate the movement
of logs from the harvesting site to the landing (Atkins et al. 2007).
A past study using generic roll-off bins had shown that one or two hours could be
saved per typical woods-to-road cycle by using roll-off bins (Rawlings et al. 2004). This time
savings comes from eliminating the time to unload a forwarder of logs or slash and then load
an incoming truck from a deck using a loader. In contrast to these traditional material
transfer methods which average 40 minutes, the use of the hook-lift and roll-off bunks
drastically reduced the transfer time to less than five minutes (Atkins et al. 2007). Money and
time are saved not only by taking less time to transfer logs and woody biomass material but
also by removing the need for loader.
This system appears enticing on paper. The ability to remove slash that would
otherwise need to be burned or masticated, to do so with costs comparable to piling and
burning, and reduce handling time of roundwood material are all reasons for enthusiasm.
However, several factors such as hourly cost of machinery, market conditions, harvest site
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proximity to mills, and utilization rates could have a considerable impact on the cost
effectiveness of the roll-off system and need to be assessed.

Thesis Format
This thesis is organized into five chapters, two of which are written in the format of
professional manuscripts. The two manuscripts will be submitted to peer-reviewed journals
for publication. Because each of the manuscripts is designed to be a standalone document,
redundancy exists within the body of the thesis.
Chapter one serves as the introduction to the thesis. A summary and justification for
the project and background information is presented.
Chapter two contains a literature review. Within this chapter, literature that is
relevant to forest biomass availability and markets, past attempts at biomass harvesting and
utilization, and tools such as time-and-motion and shift-level studies are reviewed.
Chapter three contains the first manuscript titled, “Production of a roll-off equipped
harwarder for forest biomass utilization.”

This manuscript describes the study areas,

observed process, the process to collecting field data, and the formulation of total cycle time
equations for various operations of the observed harvest system. This manuscript also
shows sample production equations (tons/hour) calculated using the total cycle time
equations. Comparisons are made between this study’s equations to other total cycle time
equations.
Chapter four contains the second manuscript titled, “Costs of roll-off forest biomass
utilization systems.” This manuscript describes the use of total cycle time equations, the
costs of observed and modeled roll-off systems, and their competitiveness to conventional
slash treatments. Systems analyzed include both studied systems and systems that are of
interest but were not observed in the field, including whole-tree and cut-to-length systems.
5

Chapter seven serves as a general discussion for the entire thesis. The chapter
consists of potential improvements to the system, lessons learned from the study and
considerations for future implementation, and areas of the study that are lacking and are in
need of future research.
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Literature Review
Introduction
Densely stocked stands provide an environment in which fires can quickly become
severe due to fuel build up and ladder fuels (Raymond et al. 2005). Studies have shown that
there is a higher percentage of tree mortality in untreated stands than in mechanically treated
areas after naturally occurring wildfire (Agee et al. 2005). To remove overstocked material
and reduce the hazard of severe wildland fire, managers must find a way to harvest small
diameter woody biomass economically.

Government policymakers have created two major

avenues to encourage and explore forest biomass harvesting and utilization. One such
avenue is the Healthy Forest Restoration Act of 2003 which aims to meet several objectives
for FS and BLM lands. The Act states, “to improve the capacity of the Secretary of
Agriculture and the Secretary of Interior to conduct hazardous fuels reduction projects …
aimed at protecting communities, watersheds, and certain other at-risk lands from
catastrophic wildfire, to enhance efforts to protect watersheds and address threats to forest
and rangeland health, including catastrophic wildfire, across the landscape, and for other
purposes” (Healthy Forest Restoration Act of 2003, H.R. 1904). Included in the “other
purposes,” is biomass utilization under Title II of the Act. Specifically, Title II states “to
conduct research focused on developing appropriate thinning systems and equipment
designs that are … capable of handling large and varied landscapes; adaptable to handling a
wide variety of tree sizes; inexpensive” (Healthy Forest Restoration Act of 2003, section 201,
H.R. 1904-15). Another avenue in which the Federal Government has shown interest in
biomass utilization and harvesting is with the Biomass Research and Development Act of
2000. The Act states that conversion of biomass into bio-based industrial products offers
outstanding potential for healthier rural economies, improved environmental quality, low net
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greenhouse gas emissions, and sustainable resource supply (Biomass Research and
Development Act of 2000). Additionally, the Act recognizes that research resulting in costeffective technology to overcome the difficulty of handling cellulosic biomass would allow
biorefineries to produce fuels on a large scale (Biomass Research and Development Act of
2000).
Pile burning has been the treatment of choice because of its general low costs, with
average costs as low as $92 per acre (Rummer et al. 2005). However, there can be numerous
restrictions on the use of pile or broadcast burning: high fuel loadings, air quality restrictions,
short windows of appropriate weather, and risk of escaped fire in the wildland-urban
interface (Rummer et al. 2005). The drawbacks with the use of fire for treating small
diameter material can make mechanical treatments an appealing alternative. When pile
burning is not a viable option, there is a wide array of conventional roundwood technologies
available that have be used for biomass harvest and collection, though none have been
specially designed for biomass harvest.

Also, some systems extract usable material while

others may simply change fuel conditions on site (Table 2.1) (Rummer et al. 2005).
Table 2.1 – Generic comparison of fuel reduction treatment alternatives (Rummer et al.
2005)

Biomass Availability and Market
The availability of biomass and markets for biomass utilization are topics of great
interest for researchers as well as commercial entities.

Without commercial interests,

biomass harvesting and energy systems have little chance of establishing long-term success in
8

the United States or elsewhere. Total consumption of wood for fuel amounts to 3.374
quadrillion Btu per year and accounts for 3.4% of total energy consumed in the US (EIA
2008). One country has shown that a considerable portion of their energy can come from
biomass. Finland’s renewable energy sources play an important role in their energy strategy
as 20% of the primary energy consumed is derived from wood-based fuels (Laitila 2008).
In the U.S., there are large surpluses of biomass in the Pacific Northwest region (220
tons per hectare (Stokes 1992)) and in the south, whereas a strong market for biomass fuels
in the Northeast and in California has generated interest in recovering forest biomass
(Gingras 1995). The most economically attractive slash in the U.S. is found in sortyard debris
on the west coast, roadside delimber residues in the east, or chain flail delimber-debarker
residues in the south (Gingras 1995, Stokes 1992). Furthermore, potential energy sources in
Oregon, Washington, and California could produce over 500 megawatts (MW) from existing
slash, while Montana and Idaho could produce more than 100 MW from current sources
(Rummer et al. 2005, Western Governors’ Association 2006). However, actual operations of
harvesting, collecting, processing, and transporting loose slash are costly and present
economic barriers to recovery and utilization of wood for energy (Rummer et al. 2004,
Nicholls et al. 2008).
The delivered cost of biomass is highly variable from region to region due to “the
energy generation facility available at the mill site, the availability of less expensive alternative
energy resources, the composition and productivity of the wood resource, the suitability of
forest sites for complete biomass removal, the characteristics of the servicing transportation
network, the harvesting system available, and the availability of markets for pulpwood”
(Puttock 1987, p. 15). Should biofuel supply increase as a result of proposed new energy
plants, there would likely be an increase in the demand for harvesting non-merchantable
9

trees and slash for energy purposes (Gingras 1995). Additionally, biomass may be used for
energy at different scales, including large-scale electrical power generation facilities or smaller
scale thermal heating projects at governmental, educational, or other institutions (Nicholls et
al. 2008).

Past Attempts – Previous Costs and Production Analysis
Cut-to-length
In the United States conventional harvesting of overstocked small trees has not been
profitable due to small piece sizes (Stokes 1992). Beyond the use of conventional equipment
for forest biomass utilization are innovative approaches such as using specially designed
bundling systems and roll-off systems.
One recent article discussed biomass utilization options with cut-to-length systems in
Alaska (Hanson 2007). A cut-to-length system consisting of a harvester and forwarder was
used to harvest black spruce (Picea mariana). The study determined that an open ended
grinder was more effective and was able to take tree lengths of a more random nature, but
cost 1.5 times more than whole tree chippers.

The article also recognized that biomass

utilization is hampered by a lack of appropriate harvesting equipment for small sized material
and expressed the need for more specially designed forwarders. However, the author states
that the costs of such specialized equipment will most likely exceed the budget of fuel
treatments. Finally, the article mentioned the use of roll-off containers as an option for the
transportation of woody biomass but did not offer specifics of the effectiveness or costs
associated with this system.

10

Whole-tree
In addition to cut-to-length systems, traditional ground based whole-tree harvest
methods used for biomass harvesting have also been studied. In many stands, felling and
hauling whole trees to a concentration yard is more efficient than cut-to-length systems
(Currier 1979). Miller et al. (1987) studied a one-pass system and a two-pass system for
biomass harvesting. In the one-pass system, the energy wood and pulpwood were harvested
(cut and processed) simultaneously. In the two-pass system, the energy wood was harvested
in a first pass and the pulpwood was harvested in a second. Feller-bunchers and grapple
skidders were used to cut and transport the material to a chipper stationed at the landing.
The one-pass system was the least expensive at $14.82 per green ton versus $25.76 per green
ton for the two-pass system for mill delivered costs. The difference was attributed to fellerbuncher productivity as the machine would have to travel more in the two-pass system.
Watson et al. (1986) identified ways to reduce site preparation costs by utilizing
conventional harvesting equipment to capture logging residues. Conventional, one-pass, and
two-pass systems were tested both on plantations and a natural tract. The conventional
system only harvested merchantable pine and hardwoods. The one-pass system harvested
energy wood and traditional commercial trees using a feller-buncher, skidder, and used
manual chainsaw processing. The second system used the same equipment as the one-pass
method but removed energy wood in the first pass and then returned to remove
merchantable roundwood resulting in a two-pass skidding operation. Watson et al. (1986)
concluded that the one-pass system had higher utilization rates than the two-pass system and
that utilization was higher in plantations than in the natural tract. The two-pass system also
cost more than the one-pass system because the feller-bunchers had to maneuver extensively
between the merchantable trees.

Additionally, there were no significant differences in
11

skidding costs among the treatments in the plantations which demonstrated that skidding
costs do not change by stem size if the feller-bunchers can build full-capacity loads for the
skidders.
Bundling Systems
Bundling systems have also received significant research and interest. By definition,
bundling is a technology used to create a compressed and uniform handling unit from
logging residues and other small size energy wood (Johansson et al. 2006).
Rummer et al. (2004) studied the effectiveness of a bundling system in the western
United States. The authors examined a Timberjack 1490D Slash Bundler operating at seven
locations throughout Idaho, Oregon, Montana, and California.

Rummer et al. (2004)

determined that the bundler could produce up to 24 bundles per hour with a bundle ranging
from 8 to 16 feet in length with an average density of 20 lb/ft3 for green material. It was
also noted that forwarders could carry as many as 10 bundles per trip from woods to
roadside. The authors recognized high transportation costs resulting from low payloads.
The researchers found that the mill-delivered costs of chipped hog fuel ranged from $33.13
to $38.85 per bone dry ton, (bdt). Of that total, $5 to $10 per bone dry ton went to
transportation costs. Additionally, they determined that “biomass bundling may be the
preferred residue treatment method if there is insufficient merchantable volume to justify a
conventional thinning operation” (Rummer et al. 2004, p. 13). Moreover, “if the stand will be
thinned with a conventional logging crew, it will probably be more cost-effective to extract
as much residue as possible using whole-tree extraction, bunching of nonmerchantable
stems, and roadside chipping,” (Rummer et al. 2004, p. 13). The traditional energy source of
coal averages $24.74/ton (EIA 2002). Thus, the energy equivalent value of hog fuel would
be about $17.50/bone dry ton which only covers roughly half of its cost. This system may
12

be cost effective, however, in comparison to other fuel treatments such as prescribed
burning and mastication.
Chipping and Grinding
Adding a chipper to harvest operations is another area that has received extensive
research. Mitchell et al. (2007) determined that when comparing the costs of cut and pile or
mulching treatments to the costs of small-diameter whole tree chipping, the chipping
compares quite favorably with a cost of $71 per acre versus $130 per acre for cut and pile or
$297 per acre for mulching. Forest contractors or managers can add a small chipper when
using whole-tree harvesting methods to obtain chip production without negatively affecting
roundwood production (Westbrook et al. 2007a). Westbrook et al. (2007b) found that
roundwood-to-chip load ratios between 5 and 10 (e.g. 5 to 10 loads of roundwood to 1 load
of chips) are ideal for chipping exercises.

Additionally, a roundwood operation is followed

by a biomass grinding operation at the landing used with clearcut prescriptions would be the
best scenario since roundwood production would not be impacted by tight spacing
constraints (Westbrook et al. 2007b).
Transporting Slash
Overall biomass utilization costs have a direct and clear connection to transportation
costs.

Costs of extra equipment and distance to markets are limiting factors (Dell et al.

1968). Haul distance from the grinding site to the end-using facility affect the consumption
of fuel, which will have a direct impact on costs (Peterson 2005). Biomass delivery costs
from the forest to a use facility can often determine the financial success of mechanical
treatment operations (Silverstein et al. 2006). Travel speed can also have an impact on costs
(less than 10 miles per hour on gravel roads) (Han et al. 2008).
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A recent study (Han et al. 2008) examined the use of roll-off containers in the
transportation of slash. The authors determined that the cost to collect and haul hand-piled
slash was $22.95 per green ton, based on forest road hauling distances of less than 3 miles.
These are competitive figures when compared to pile burning costs of $150 to $850 per acre
in northern California. Also, Han et al. (2008) estimated that the overall cost of slash
removal when using the roll-off trucking system increases by $4.11 per ton with each onemile increase in hauling distance over secondary gravel roads.
Table 2.2 serves as a summary of the reviewed literature. Detailed in the table are
the roundwood and slash harvesting techniques. Costs from past studies have been adjusted
to current consumer price index standards.
Table 2.2 – Summary of processes studied from reviewed literature
Literature

Roundwood harvesting
technique

Biomass treatment
technique

Slash treatment cost
($/green ton)

Cuchet et. al., 2004

Conventional

Bundled

Unknown

Han et. al., 2008

Unknown

Chipped

$23.01

Hanson, 2007

Cut-to-length

Chipped

$53.62

Miller et. al., 1987

Conventional

Chipped

$14.82

Mitchell et. al., 2007

Conventional

Chipped

$15.80

Puttock, 1995

Conventional

Chipped

$15.64

Rummer et. al., 2004

Unknown

Bundled

$20.91*

Watson et. al., 1986

Conventional

Chipped

$14.97

Westbrook et. al., 2007a

Unknown

Chipped

$11.45

Westbrook et. al., 2007b
Unknown
Chipped
$13.53
*Cost was converted from bone dry tons to green tons by assuming an original moisture content of 40%.

Time-and-Motion and Shift-Level Data
Measuring productivity of forest equipment is an important aspect for the forest
product industry which strives for increasing efficiency and lowering operating costs (Davis
et al. 2005). Time-and-motion studies can be of great importance to studies where estimating
production and efficiency is a primary goal. Time-and-motion techniques have been utilized
in several forestry related studies such as Dodson et al. (2006), Han et al. (2008), Mitchell et
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al. (2007), Rummer et al. (2004), and Watson et al. (1986). Data from time-and-motion
studies can be used to develop equations describing average cycle times for processes of
various systems (Dodson et al. 2006).
Identifying inefficiencies in a harvesting system can also be a valuable result of timeand-motion studies. For example, Watson et al. (1986) were able to determine that higher
chipping costs were caused by delayed interactions amongst the skidders, buckers, the
loader, and the chipper. With better coordination and planning these delays could be
decreased.
Shift-level data analysis can also be a useful tool for studies on production and
efficiency (Cuchet et al. 2004, Kellogg et al. 1996). Kellogg et al. (1996) used shift-level data
when comparing the costs of various harvesting systems. This information was used as a
crosscheck against the time-and-motion results and to calculate production and cost for
planning, felling, yarding, and road/landing changes. Cuchet et al. (2004) used shift-level
data (also referred to as machine clock time) to compare against time-and-motion data
collected with a stop-watch method when studying bundling systems in temperate forests in
France.
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Production of a roll-off equipped harwarder for forest biomass
utilization.

Abstract
Detailed time-and-motion studies were conducted on a harvesting system that
included roll-off bins and bunks used in conjunction with a Timbco harwarder at two study
sites in Western Montana. The data from these studies were used in multiple regression
analysis to develop production equations for total cycle time for each of the seven processes
involved in harvesting roundwood products and woody biomass. These equations had R2
values ranging from 0.399 to 0.975. Comparisons were made between developed equations
from this study to other published equations. Using standardized variables, production rates
(tons/hour) of the observed processes were developed. Forest managers can apply these
equations to determine the cycle time for a process and, when paired with tons per cycle, the
production rate of the roll-off and hook-lift system compared to other roundwood and
biomass harvesting and treatment options.
Key Words: Woody Debris, Time-and-Motion, Total Cycle Time Equation, Grinding, Hog Fuel
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Introduction
Forest slash has traditionally been hand or machine piled and then burned in the
woods. Another option for slash management is to collect the slash and utilize it for
production of biofuel based energy.

With potentially high fuel loadings, air quality

restrictions, short windows of appropriate weather, and risk of fire escape in the wildlandurban interface, biomass utilization is an attractive alternative to open-air burning (Rummer
et al. 2005). Logging residues have long been acknowledged as a potential source of energy,
but the high costs of collecting and transporting these materials have restricted their use
(Watson et al. 1986, Rummer et al. 2004, Nicholls et al. 2008). To be economically feasible,
woody biomass harvest operations need to be cost efficient (Rummer et al. 2005, Western
Governors’ Association 2006).
Chip vans have historically been the most efficient way to transport ground material
(hog fuel) from the grinding site at landings to a processing facility. Transporting ground
biomass with chip vans is only appropriate for landings adjacent to highways or other high
standard roads. Forest roads, with typically inadequate vertical and horizontal alignment, are
generally not suitable for chip vans (Hanson 2007, Rawlings et al. 2004). As a result, forest
managers are often forced to pile and burn logging residue.
Past attempts of harvesting and transporting traditionally non-merchantable material
have involved ground-based whole-tree systems (Miller et. al. 1987, Mitchell et. al. 2007,
Watson et. al. 1986), cut-to-length systems (Hanson 2007), and bundling systems (Cuchet et.
al. 2004, Rummer et. al. 2004). Generally, ground-based whole-tree systems are the most
cost efficient means of moving forest residues to the landing (Miller et. al. 1987, Mitchell et.
al. 2007Watson et. al. 1986).
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The goal of using roll-off bins and bunks is to eliminate multiple handling of woody
biomass material as seen in past attempts. “Roll-off” refers to modular containers that are
“rolled” onto, and off of, the haul truck or forwarder by use of a hydraulic hook-lift (Han
2008). The roll-off system allows the extraction of material that would typically go unused
because of access restrictions. The roll-off and hook-lift system that was the focus of this
study consists of two modified machines: (1) a modified forwarder with a quick attach
system so that an accumulating hotsaw, a dangle-head processor, and a grapple were quickly
interchangeable (referred to as a “harwarder”) and (2) a haul truck with a pup trailer. Both
machines are equipped with hydraulic hook-lifts that are used to load and unload bins or
bunks which is hypothesized to lead to considerable time savings with material transfer
(Atkins et al. 2007).
The purpose of this study was to develop predictive total cycle time equations to
characterize the roll-off and hook-lift system in order to determine the production levels
(tons/hour) for system processes. A time-and-motion study was conducted to identify
significant independent variables and develop total cycle time equations and production rates
(tons/hour). This information will be useful for forest managers facing unfavorable burning
conditions and developing markets for woody biomass from logging and thinning
restoration treatment operations.

Methods
Study Sites
Harvest activities and biomass handling techniques were observed at sites in the
northern Rocky Mountains near Eureka and West Yellowstone, Montana (Figure 3.1). The
two study sites were selected from fire hazard reduction projects planned for
implementation by the US Forest Service. The two sites were topographically similar: the
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Hebgen Lake site was level and the Eureka site was relatively flat with infrequent short, steep
pitches of terrain.

Figure 3.1 – Map of study sites
The Eureka site (15.3 acres, Figure 3.2) consisted of a mixed-conifer stand that
included ponderosa pine (Pinus ponderosa), western larch (Larix occidentalis), and Douglas-fir
(Pseudotsuga menziesii var. glauca).

The basal area prior to harvest was 154 ft2/acre. The

harvest prescription for the Eureka site called for removing trees less than 12 inches DBH
(diameter at breast height) to increase residual tree spacing to enhance growth. The Hebgen
Lake study site (76 acres, Figure 3.3) was a pure stand of lodgepole pine (Pinus contorta). The
basal area before harvesting was 56 ft2/acre. The harvest prescription for the Hebgen Lake
site was a general thinning aimed to reduce stand density and promote dominant and codominant residual trees. Roads ran throughout the units. Several private cabins were
located adjacent to the study site on leased Forest Service land.

19

Figure 3.2 – Eureka study site

Figure 3.3 – Hebgen Lake study site
Harvest System
The harvest system studied included a modified 820C Timbco harwarder and 1989
Peterbilt Class 8 truck, each equipped with a Stellar 52,000 lb.-capacity hydraulic hook-lift.
hook
Roll-off bins measuring 24 feet long, 8 fe
feet tall, and 8 feet wide and roll-off
off bunks measuring
24 feet long,, 8 feet tall, and 10 feet wide were used with the harwarder and truck. The bins
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were fabricated with a taper which allowed up to three empty bins and bunks to be stacked
and moved at once.
The Peterbilt truck with a hook-lift was used for on-road transportation of slash and
roundwood products. The truck was capable of delivering legal full loads of 30 tons when
using a pup trailer also modified to carry roll-off bins and bunks. The trailer was unable to
load itself and had to rely on the truck to load bins and bunks.
For portions of the study, hand felling was used to cut trees less than 4.5 inches in
diameter at breast height (DBH).

Hand felling was conducted by a worker using a

professional-grade chainsaw.
A John Deere 648G rubber-tired grapple skidder was used in one unit at Eureka.
When the skidder was used, the harwarder cut and bunched whole-trees then served as a
stationary delimber at the landing in order to model a ground based whole-tree harvesting
system.
At Eureka four units were treated totaling 15.3 acres (Table 3.1). Units were small
because modifications were made to the harvesting system as researchers and the operator
learned what was efficient and tried new processes. Harvesting activities occurred during
January and February of 2008 with 0.5 to 1 foot of snow on the ground. Observations from
Eureka were used to direct efforts at the Hebgen Lake study site. Hand felling of trees less
than 4.5 inches DBH was used in all of the Hebgen Lake Units (Table 3.1). In Unit 19A(b) a
slash mat was created to minimize soil disturbance and test if creating a slash mat had any
significant impact on the total cycle time. Harvesting activities took place in June and July of
2008 under dry conditions.
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Hebgen Lake

Eureka

Table 3.1 – Eureka and Hebgen Lake systems by unit
Site Unit
Acres
System
1
10.98 The hotsaw was used to fell all trees. The danglehead processor limbed and topped roundwood in
the woods. All material was forwarded out on
bunks to the landing. Roundwood was hauled to
the mill via the hook-lift haul truck and slash was
left to dry at the landing.
2
1.91
This arrangement was used to model a whole-tree
harvesting system. The hotsaw was used to fell all
trees. Roundwood was grapple skid to the landing.
Material less than 4.5 inches DBH was forwarded
out on bunks to the landing using the harwarder
and roll-off bunks. The roundwood was processed
at the landing with the dangle-head processor. As
slash accumulated from processing was piled by the
skidder at the landing.
3
1.96
Trees less than 4.5 inches DBH were cut by hand.
The dangle-head processor felled and processed
roundwood in the woods.
Roundwood was
forwarded out on bunks. Slash and trees less than
4.5 inches DBH were mechanically piled in the
woods using the grapple attachment
4
0.46
The dangle-head processor felled and processed all
trees. Roundwood was forwarded to the landing
using the grapple. Slash and trees less than 4.5
inches DBH were mechanically piled in the woods.
19A(a)
30.3
Trees less than 4.5 inches DBH were cut by hand.
The dangle-head processor felled and processed
roundwood. Roundwood was forwarded on bunks
and slash was forwarded in bins. These bins were
then transferred to the haul truck to transport to
the concentration yard where the material was
unloaded to dry and await grinding. Roundwood
was transported to mills by the hook-lift truck.
19A(b)
10.1
Same as Unit 19A(a) except a slash mat was created
while processing trees and was later removed for
utilization.
19C(a)
9.6
Same as Unit 19A(a)
19C(b)
9.6
Same as Unit 19C(a) but slash was piled by the
harwarder and left for burning by U.S. Forest
Service crews.
19C(c)
19.3
US Forest Service hand crews cut and piled
material for burning.
21
16.96 Same as Unit 19A(a)
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Diversity in stand conditions, cutting season, and system combinations was desirable
given the planned multivariate regression approach to the analysis of independent variable
relationships to predicting total cycle times.
Data Collection and Analysis
Each component of the harvest system underwent a detailed time-and-motion study
using a stopwatch (Table 3.2). Cycles were identified when the process started to repeat
itself. Independent variables were selected after observing each process and breaking cycles
down into logical components. Such variables included travel distance or tree DBH, for
example. They were measured using ocular estimates by one researcher in the field. Nonproductive delays were recorded and used to calculate utilization rates by process. A
utilization rate is the productive machine time (total observed time minus non-productive
delay time) divided by the scheduled machine time (all of the observed activity time,
including all delays). Delays included activities that were not necessary for production such
as repairs and worker personal time. Productive delays were activities that occurred on a
daily basis and were necessary for production; such as warming up and fueling machines.
These sample observations were used to develop total cycle time equations for observed
processes
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Table 3.2 – Number of total cycles and time included in detailed time-and-motion study
(a)

(b)

Total
Cycles
Observed

Total
Time
Observed
(min)

Hotsaw

416

739.8

Hand Felling
Processing
Dangle-Head Processor
Felling and Processing
Forwarding Roundwood
Forwarding Slash
Whole-tree Skidding with
Rubber Tired Skidder

*
451

Mechanical Brush Piling
Loading and
Transporting
Roundwood

Eureka

Site

Process

(d=b-c)

(d/b)

Productive
Time
Observed
(min)

Utilization
Rate (%)

85.2

654.6

88%

218.0
485.4

45.3
119.7

172.7
365.7

79%
75%

841
4
7

525.3
139.6
190.9

76.8
14.8
5.5

448.5
124.8
185.4

85%
89%
97%

5

56.7

0.0

56.7

100%

12

103.0

0.0

103.0

100%

*

356.2

154.3

201.9

57%

2814.9

501.6

2313.3

Eureka Totals

(c)
NonProductive
Delay Time
Observed
(min)

4

271.1

108.8

162.3

60%

Forwarding Slash

8

531.8

170.3

361.5

68%

Hand Felling
Dangle-Head Processor
Felling and Processing
Mechanical Brush Piling
Transporting Slash

*

83.6

2.4

81.2

97%

805
21
*

852.7
243.0
94.5

340.2
45.0
57.7

512.5
198.0
36.8

60%
81%
39%

*

503.8

210.2

293.6

58%

Hebgen Lake Totals

2580.5

934.6

1645.9

Total For Both Study Sites

5395.4

1436.2

3959.2

Hebgen Lake

Forwarding Roundwood

Grinding

* Production equations were not developed for these activities
Some processes did not have defined cycles or a regression equation was not
developed, including hand felling, loading and transporting roundwood, transporting slash,
and slash grinding.

The lack of a defined cycle was due to the inability to identify

independent variables and logical time elements or the inability to record time elements
within a process. For example, hand felling was a process with logical components and
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independent variables. However, it was impractical to record this information since this cycle
was often less than one second in duration when cutting in thickets of small trees.
Green tons per tree were calculated using equations from Jenkins et al. (2004) on a
species and product-type basis. Product types were defined by DBH ranges (Table 3.3). By
assuming the number of trees per cycle, product mix, and species composition, the tons per
cycle could be calculated. Based on measurements of moisture content of slash during the
Hebgen Lake study, green moisture content was assumed to be 44% for both study sites.
Tons per cycle for forwarding was assumed to be a constant 15 tons per turn for forwarding
roundwood and 5.5 tons per turn for forwarding slash. The roundwood forwarding value
was provided by the forest contractor and the slash forwarding value was determined by
using a scale at the concentration yard.
Table 3.3 – Green tons per tree by species and product type, from Jenkins et al. (2004)
Product Type
DBH Range ponderosa Douglas- western lodgepole
(inches)
pine
fir
larch
pine
Trees <4.5 inches DBH
≤ 4.5
0.0189902 0.026243 0.021626 0.01899
Pulpwood/Poles
>4.5 – ≤7 0.0843774 0.117083 0.088259 0.084377
Sawlog
>7 – ≤13
0.4393811 0.613394 0.406201 0.439381
Using SPSS version 17 (SPSS, 2008) backwards stepwise linear regression was used
to develop total cycle time models for each process of interest. A total cycle time was the
amount of time (delay free) to complete one cycle of a given process. Observed variables
were considered significant, or retained in a model, if they had a p-value less than or equal to
0.05.
Production rates in tons per hour were calculated using total cycle time equations for
each process. Using tons per cycle with standardized variables for the productive total cycle
time equations, production rates were calculated by dividing the tons per cycle by the time to
complete the cycle. The production rates were calculated using known cycle tonnages as
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provided from the forest contractor or using tonnages calculated per Table 3.3.
production rates were free of non-productive delays.

All

Using the delta method, 95%

confidence intervals were included with the production rates.

Results
Production Equations
Six independent variables were determined to be significant throughout the observed
processes (Table 3.4). Observed processes were part of four groupings: (1) felling, (2)
processing, (3) forwarding, and (4) skidding. Within these four groupings, seven models
were developed for observed processes.
Table 3.4 – Variable definitions for total cycle time equations
Variable
Definition
Ds
Distance traveled between stops within the unit
Dt
Total distance traveled within the unit
DBH
DBH of the trees being handled
Nr
Number of roundwood pieces recovered from tree
Nt
Number of trees per cycle
X
Site term (0 if Eureka; 1 if Hebgen Lake)

Unit
feet
feet
inches
-

1. Hotsaw
The hotsaw was only used in Unit 1 at Eureka. The hotsaw cycle consisted of travel
time (14.7% of total cycle time), felling time (85.1%), and productive delays (0.2%). All of
the recorded variables were significant. (Adjusted R2 = 0.399, SEE = 1.7, N = 416):
THS = 0.671 + 0.021(Ds) + 0.253(Nt)
where:
THS = Total cycle time for hotsaw (minutes)
2. Felling and Processing in Woods with Dangle-Head Processor
Felling and processing with the dangle-head consisted of travel time (16.4% of total
cycle time), reaching for the tree (27.6%), felling and processing (55.5%), and productive
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delays (0.5%). Sawyer pre-treatment and slash mat creation were found to be not significant.
(Adjusted R2 = 0.548, SEE = 0.21, N = 1646):
TDP = -0.118 + 0.013(Ds) + 0.089(DBH) + 0.061(Nr)
where:
TDP = Total cycle time for felling and processing in woods with dangled-head
processor (minutes)
3. Dangle-Head Processor – Processing from Hotsaw Piles
Processing from log piles in the woods consisted of travel time (8.2% of the total
cycle time), selecting a tree from the pile (45.0%), and processing (46.8%). The number of
trees processed at once and the number of roundwood pieces recovered from a tree was
found to be not significantly different than one and therefore was not significant in
predicting total cycle time. (Adjusted R2 = 0.405, SEE = 0.43, N = 333):
TDPH = 0.286 + 0.007(Ds) + 0.043(DBH)
where:
TDPH = Total cycle time for dangle-head processor processing from hotsaw
piles in (minutes)
4. Processing at Landing with Dangle Head Processor
Processing at the landing with the dangle-head processor consisted of selecting a tree
from the pile (30.7% of total cycle time) and processing the tree(s) into logs (69.3%). The
number of roundwood pieces recovered from a tree was found to be not significantly
different than one and therefore was not significant in predicting total cycle time. (Adjusted
R2 = 0.578, SEE = 0.12, N = 117):
TDPL = -0.383 + 0.102(DBH) + 0.043(Nt)
where:
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TDPL = Total cycle time for processing trees at the landing with the danglehead processor (minutes)
5. Forwarding Slash (with or without Slash Mat)
Slash forwarding when using a bunk consisted of travel time (41.5% of total cycle
time), slash loading (55.6%), and slash unloading (2.9%). When using a bin, the slash was
forwarded to the landing where the full bin was off loaded and an empty bin was picked up.
Slash forwarding when using a bin consisted of travel time (20.6%), slash loading (74.5%),
compacting the slash within the bin (1.5%), unloading the bin (1.3%), and loading an empty
bin (2.1%).
When both Hebgen Lake and Eureka data were included in an analysis, a model with
no significant variables resulted, rendering it non-useable. The reason for the differences
between the two sites could not be determined statistically. Since slash mat and hand felling
usage changed between sites, the difference could in part be attributed to the impact of
either of these variables. Similarly, using bins versus bunks for forwarding slash was unable
to be tested for significance since only bins were used at Hebgen Lake and only bunks were
used at Eureka. Furthermore, it was not possible to test for the significance of a slash mat
when forwarding slash at Hebgen Lake because data were only collected for this condition.
Likewise, site was not tested for significance because of the inconsistencies between the two
data sets. Because of these statistical issues, only data from Eureka were used. Hand felling
was determined to be not statistically significant at Eureka. All of the recorded variables
were found to be significant. (Adjusted R2 = 0.716, SEE = 4.07, N = 7):
TFS = 11.079 + 0.012(Dt)
where:
TFS = Total cycle time for forwarding slash (minutes)
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6. Forwarding Roundwood Material
Forwarding roundwood material consisted of travel time (38.2% of total cycle time),
loading material (42.4%), and unloading material (19.4%). At both study sites, roundwood
pieces were unloaded individually using the grapple, not unloaded in bulk by offloading the
full bunk. Roundwood product type was determined to not be significant in predicting total
cycle time within Eureka. However, roundwood product type did change between study
sites; sawlogs and pulpwood were removed in Eureka and poles in Hebgen Lake. A site
term was statistically significant which may account for differences such as stand conditions,
harvest conditions, weather conditions, and operator skill level. The number of roundwood
pieces handled was determined to be not significant. (Adjusted R2 = 0.992, SEE = 5.48, N
= 8):
TFR = 0.018(Dt) + 23.19(X)
where:
TFR = Total cycle time for forwarding roundwood material (minutes)
7. Rubber-Tired Grapple Skidder
The skidding process consisted of travel time (70.3% of total cycle time), loading
time (7.5%), and unloading time (22.2%). All of the recorded variables were found to be
significant. The number of stems per turn was not recorded in the field but photographs
indicate an approximate average of 15 roundwood pieces per turn with majority of the stems
being pulpwood sized. (Adjusted R2 = 0.966, SEE = 1.87, N = 5):
TGS = 0.003(Dt)
where:
TGS = Total cycle time for rubber-tired grapple skidder (minutes)
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Production Rates
Based on the developed models, production rates (tons/productive machine hour
(PMH)) were estimated for observed processes. To calculate these rates, inputs values were
assigned for the total cycle time equation variables (Table 3.5). Additionally, an assumed
product mix (Table 3.6) and species composition (Table 3.7) were used and coupled with
data from Table 3.3. For example, to estimate the total cycle time of forwarding slash, a
travel distance of 1,500 feet would be entered into the forwarding slash equation resulting in
a cycle time of 21.9 minutes. The tons per cycle for forwarding slash is known to be 5.5
tons so the estimated tons/PMH production rate would be 11.3. Average skidding distance
was assumed to be one half of the forwarding distance. Travel distance between stops was
calculated as a function of stand density. The production rates are displayed in Table 3.8.
Table 3.5 – Inputs for harvest information
Variable

Unit
1,500 feet
inches
6
1
4
1
0

Input

Dt
DBH
Nr
Nt (hotsaw)
Nt (all other processes)
X
Table 3.6 – Assumed product mix
Product
Sawlog
Pulpwood
Slash from Tops
Tress less than 4.5 inches DBH
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Product percentages of
all tonnages
5%
51%
24%
20%

Table 3.7 – Assumed species composition by harvested volume (tons)
Species
ponderosa pine
Douglas-fir
western larch
lodgepole pine

Input
10%
75%
15%
0%

Table 3.8 – Production rate by process with 95% confidence (tons/productive machine hour
(PMH))
Tons/PMH
Process
Hotsaw
Felling and processing with dangle-head processor
Processing from hotsaw piles in the woods with dangle-head processor
Processing at the landing with the dangle-head processor
Forwarding slash with a roll-off bin
Forwarding roundwood
Skidding roundwood with grapple skidder

13.5 ± 1.0
9.3 ± 0.2
11.8 ± 1.9
32.9 ± 1.6
11.3± 3.5
33.3 ± 6.9
59.6 ± 16.3

Discussion
Site was determined to be significant during the forwarding roundwood regression
analysis: Hebgen Lake total cycle times were longer with shorter forwarding distances as
compared to Eureka. The specific reason for the increased cycle time was impossible to
determine statistically because of the numerous differences between the two sites such as
operating over snow, stand structure and composition, and roundwood product type. After
referring to notes and contractor experience, the most logical cause for the increase was due
to operating in a developed area near cabins and power lines at the Hebgen Lake study site.
These conditions required additional attention and time when loading roundwood pieces
into the bunk to avoid hitting cabins and power lines. Similarly, extra care was needed when
traveling.
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Several comparisons were made between developed total cycle time equations and
published total cycle time equations of similar processes. Figure 3.4 displays the forwarding
roundwood total cycle time by travel distance developed in this study and equations from
Dodson Coulter (1999), Kellogg et al. (2004), McNeel et al. (1994), and Wang et al. (2005).
Forwarder load size (number of pieces) was similar across all studies. Figure 3.5 shows that
when the number of pieces per load was set to 200, the equation developed in this study had
a similar slope to many of the other published equations; however, the total cycle time values
of this study’s equation more closely matched that of McNeel et al. (1994). The differences
in the total cycle times could be caused by several factors including terrain type (steep or
level), residual stand conditions (densely stocked which would hinder maneuverability),
weather conditions (snow or ice that may limit travel), and finally travel speed (affected by

Total Cycle Time (minutes)

either horsepower or conditions previously listed).
50.0
45.0
40.0

Wang et al. (2005)

35.0

Dodson (1999)

30.0
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25.0

McNeel et al. (1994)

20.0

Kash (2009)

15.0
10.0
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1750
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Figure 3.4 – Forwarding roundwood comparisons
Using the dangle-head processor to fell and process trees was compared to published
total cycle time equations for harvesters.

Figure

3.5

compares

the

dangle-head

harvesting total cycle time by DBH developed in this study to equations from Kellogg et al.
(2004), Rummer et al. (2002), and Dodson Coulter (1999) assuming harvesting one tree at a
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time and with a travel distance between trees of 20 feet. As DBH increases the estimated
production rate (tons/hour) will diverge at a fluctuating rate (Figure 3.6). The equation from
Rummer et al. (2002) would quickly estimate the least productive cutting and processing time
while the equation from Kellogg et al. (2004) would estimate the most productive system for
trees between 5 and 17 inches DBH. The large spike in Figure 3.6 at DBH value 7 was from
the change of tons per cycle when changing from pulpwood/poles to sawlog sized trees.
The reason that Rummer et al. (2002) has a higher estimate may be because smaller harvester
was used that was only capable of handling 19 inch DBH trees which may result in taking
longer to handle larger trees, due to machine stress, when compared to a larger harvesting
head that would function more easily. The difference with Kellogg et al. (2002) is difficult to
assess. The cause for the lower total cycle times could be due to operator experience or
harvest conditions.

Total Cycle Time (minutes)

6.00
5.00
4.00
Kash (2009)

3.00

Rummer et al. (2002)
2.00

Kellogg et al. (2004)
Dodson Coulter (1999)

1.00
0.00
4

9

14

DBH (inches)

Figure 3.5 – Dangle-head processor felling and processing total cycle time comparisons
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Figure 3.6 – Dangle-head processor felling and processing production rate comparisons

Conclusion
Total cycle time equations developed for timber harvesting and biomass utilization
using hook-lift technology have been developed for the intermountain west and have shown
interesting findings. Site location was significant on total cycle times for forwarding though
a specific cause was not determined.

There was also a significant difference between

processing at the landing versus processing in the woods. When processing at the landing, a
total cycle time increased faster than processing in the woods as DBH increased but was still
the preferred method for the studied DBH range. It is believed that the cause for this
difference comes from the harwarder having to maneuver around accumulating slash at the
landing. Finally, when comparing total cycle times developed in this study to previous
publications, the results fall within reasonable limits of others’ findings. Forest managers can
apply independent variables to the equations developed in this study to estimate the
production rate of various machines and determine if those production levels are appropriate
for their forest conditions, harvest constraints, and logistical demands.
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Costs of roll-off forest biomass utilization systems.

Abstract
Costs of roll-off bins and hook-lift equipped forest machines for harvesting and
transporting slash were compared to more traditional slash treatments such as pile and burn.
Observed total cycle time equations were used to model systems that could be used to
harvest forest biomass. Sixteen systems were modeled that included cut-to-length harwarder
(forwarder combi-machine), ground based whole-tree, traditional cut-to-length (fellerbuncher and forwarder), and one hand slashing system was analyzed. Combinations within
systems varied by pre-treatment hand-felling, machine type, and slash treatment. Input
variable values were kept constant amongst the combinations. Net cost was tested as a
response when comparing systems. Results demonstrate that roll-off technology can be
competitive with traditional slash management options. Net costs ranged from $367 to
$1,550 per acre; the most expensive being cut-to-length systems and least expensive being
ground based whole-tree systems. The most cost effective system incorporated a sawyer for
trees less than 4.5 inches diameter breast height (DBH), feller-buncher for roundwood
material, rubber-tired grapple skidder, delimber at the landing, and a forwarder for collecting
trees less than 4.5 inches DBH. When considering mobilization costs of three selected
systems, a feller-buncher and skidder system was the least expensive at unit sizes larger than
2 acres. Using hand-felling to cut trees less than 4.5 inches DBH in any modeled system was
shown to reduce net costs. Similarly, changing from a three pass system to a two pass
system will decrease net costs if hand-felling is used. Dedicated machine systems also
resulted in lower net costs.
Key Words: Woody Debris, Harwarder, Fuel Treatments, Grinding, Hog Fuel
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Introduction
Forest managers are tasked with manipulating current stand conditions to a less fire
prone state though management actions, such as mechanical treatments. Thinning can
increase a stand's resistance to severe fire when accompanied by slash treatments
(Kalabokidis 1998). However, depending on how it is applied, thinning may add to surface
fuels unless the fine fuels that result from the thinning are removed from the stand or
otherwise treated (Graham et al. 2004). Mechanically treating slash is often expensive to
implement with average costs of $70/bone dry ton (BDT) (LeVan-Green et al. 2001). In an
attempt to offset such mechanical treatment costs, new methods of collecting and
processing forest biomass are being developed. Incorporating slash treatments with timber
harvests that remove traditional merchantable products such as sawlogs, pulpwood, posts
and poles would also help minimize the cost of slash treatment as these products’ values
would subsidize the expense of the slash treatment.
Mechanical slash treatments are emerging as the most feasible of slash disposal
options. In addition to fire treatment costs, there are also numerous restrictions on open
pile burning or broadcast burning that make them a less-than-ideal treatment: high fuel
loadings which can increase the chances of loss of control of the fire, air quality restrictions,
short windows of appropriate weather, and risk of escaped fire in the wildland-urban
interface (Rummer et al. 2005). Pile burning can carry an average cost as low as $92 per acre,
but is often much higher (Rummer et al. 2005). Additionally, markets, along with public
policies and interests, for woody fuel to be used as an energy source is emerging. Demand is
expected to increase for woody biomass, but there are economic unknowns associated with
the recovery and utilization of wood for energy such as the operations of harvesting,
collecting, processing, and transporting loose slash (Rummer et al. 2004, Nicholls et al. 2008).
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Past studies have shown that biomass utilization with traditional forestry equipment
is generally cost prohibitive or is operationally impractical to achieve. Such attempts have
involved ground based whole-tree systems (Miller et. al. 1987, Mitchell et. al. 2007, Watson et.
al. 1986), cut-to-length (Hanson 2007), and bundling (Cuchet et. al. 2004, Rummer et. al.
2004). Another relevant issue to biomass utilization is limited transportation access when
moving material from the roadside to a facility that uses the material for energy.
Intermountain west forest roads generally do not support traditionally designed chip van
travel. As a result, forest fuels and logging slash are “trapped” in the woods which results in
expensive options for utilization. Such options include using small chip vans where payloads
would be smaller per delivery and, thus, are less efficient.
Han et al. (2008) examined the use of roll-off containers for on-road transportation
of forest biomass. “Roll-off” refers to modular containers that are “rolled” onto, and off of,
the haul truck (Han et al. 2008). The manner in which the container is removed can vary. In
Han et al. (2008), hydraulic arms would raise the platform on the bed of the truck while a
cable winch would lower or pull the container into to place. Another option, as with this
study, is to use a hydraulic hook-lift which directly loads and unloads containers and
eliminates the use of a cable winch. The authors were testing the roll-off bins as an
alternative for transporting hog fuel in areas that were inaccessible to chip vans. The Han et
al. (2008) study used a skid-steer loader for moving piled slash to road side and then loading
slash into bins. The authors determined that the cost to collect and haul hand-piled slash
was approximately $23 per green ton, based on road hauling distances of less than 3 miles
and an average road grade of 9.3%. This is a competitive option when compared to pile
burning costs of $150 to $850 per acre in northern California (Han et al. 2008). However,
grinding costs are not included in these findings. Likewise, harvesting operations, with or
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without roll-off bins or bunks, were not included. However, the competiveness of this
system comes into question when market conditions for hog fuel, the harvest site’s
proximity to a purchaser, and when grinding costs are considered.
This study investigated a harvest system comprised of roll-off bins and a hydraulic
hook-lift equipped forwarder combi-machine, or “harwarder” (a forwarder that accepts
various attachments such as a grapple, hotsaw, and processor), to determine total cycle time
equations for harvesting roundwood material and slash.

Variables were identified that

significantly affected total cycle time and equations developed to allow users to estimate time
per cycle (in minutes) of harvest operations. The observed systems were hypothesized to
reduce handling time and logistical demands when compared to traditional cut-to-length
systems by incorporating roll-off bins and bunks. When roll-off bins were loaded, slash was
delivered to a staging area accessible by chip vans. Slash was emptied from the roll-off bins
to wait for grinding and loading. Also, an earlier study (Rawlings et al. 2004) suggested that
grinding at a staging area could be more productive than traditional in-woods grinding
The purpose of this study was to explore roll-off systems by using observed
productive total cycle time equations to model a variety of system configurations and
determine if any of the modeled systems were cost competitive with traditional slash
treatment methods.

A system would be considered financially competitive if its mill-

delivered costs are less than or equal to the cost of traditional slash management techniques.
The roll-off systems included harwarder, ground based whole-tree, and cut-to-length
methods. They were analyzed using standardized input value assignments for forest stand,
market, and harvest condition variables.

These comparisons are necessary for forest

managers to determine the optimal roll-off system for slash management given their forest’s
site and stand characteristics, local market conditions, and other constraints.
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Methods
Detailed time-and-motion studies were conducted on a harvesting system that
included roll-off containers and bunks used in conjunction with a harwarder at two study
sites in Western Montana.

Harvest activities and biomass handling techniques were

observed near Eureka and West Yellowstone, MT (Figure 5.1). Study sites were selected
from fire hazard reduction projects planned for implementation by the US Forest Service at
the Kootenai and Gallatin National Forests
The Eureka site consisted of mixed conifer including ponderosa pine (Pinus
ponderosa), western larch (Larix occidentalis), and Douglas-fir (Pseudotsuga menziesii var. glauca).
The Hebgen Lake site northwest of West Yellowstone, MT was a pure stand of lodgepole
pine (Pinus contorta). In addition to harvest system observations, grinding at a concentration
yard was observed at the Hebgen Lake study site.

Figure 4.1 – Map of study sites
Productive total cycle time equations (the amount of time required to completed one
defined cycle of a given process void of delays) were developed for each process involved in
harvesting roundwood products and woody biomass. Processes were analyzed with linear
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backwards regression where applicable; otherwise, average production rates calculated from
time-and-motion data were used (Table 4.1).
Table 4.1 – Productive total cycle time equations and production averages
Production Equation
Adjusted
Process
(min/cycle)
R2
Hotsaw
Felling and processing in
woods with dangle-head
processor
Dangle-head processor –
processing from hotsaw piles
Processing at landing with
dangle head processor
Forwarding slash (with or
without slash mat)
Forwarding roundwood
material
Rubber-tired grapple skidder
Mechanical slash piling
Sawyer
Hand slashing and piling
Slash burning
Grinding

SEE

N

0.671 + 0.021(Ds) + 0.253(Nt)
-0.118 + 0.013(Ds) + 0.089(DBH)
+ 0.061(Nr)

0.399
0.548

1.7
0.21

416
1646

0.286 + 0.007(Ds) + 0.043(DBH)

0.405

0.43

333

-0.383 + 0.102(DBH) + 0.043(Nt)

0.578

0.12

117

11.079 + 0.012(Dt)

0.716

4.07

7

0.018(Dt) + 23.19(X)

0.992

5.48

8

0.003(Dt)
0.966
1.87
5
3.611 + 0.1042(Ds)
0.561
4.9
33
4.8 green tons per hour
2.3 green tons per hour per crew (5 personnel)
8.5 BDT per hour per crew (9 personnel)
16.9 BDT per hour (21% moisture content at the time of
grinding)

Where:
Ds = Distance traveled between stops while operating (feet)
Dt = Total distance traveled (feet)
DBH = Diameter at breast height (inches)
Nr = Number of roundwood pieces recovered from tree
Nt = Number of trees per cycle
X = Site term (1 if developed area; 0 if not)

Total cycle time equations from Table 4.1 were used to estimate the production of
machines not observed in the field. Systems of interest that were not observed in the field,
but were included in this study, were dedicated machines such as feller-bunchers (with
hotsaw), harvesters, delimbers, and forwarders. These machines were of interest as they are
more common among forest contractors and generally have lower hourly costs than the
harwarder observed for this study. It was assumed that dedicated machines that were
comparable in size (weight, dimensions, capacity, and horsepower) to the observed machines
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would have similar total cycle times. Expert opinion of a local machine dealer was used to
identify comparable machines.
Production rates (green tons/hour) were calculated on a productive machine hour
basis and converted to scheduled machine hourly production rates using assumed utilization
rates. A utilization rate is the percentage of time that is spent on production (i.e. a utilization
of 50% indicates that if one hour was spent operating a machine, 30 minutes of that hour
was producing material). Utilization rates were from Brinker et al. (2002) or based on field
observations (time-and-motion data) (Table 4.2). Preference was given to the Brinker et al.
(2002) utilization rates as they were developed from a larger data set and were assumed to
more accurately represent utilization rates encountered in the field. Utilization rates included
productive delays and nonproductive delays.

These rates were kept constant for these

“pairs” to maintain comparable results. For example, the feller-buncher utilization rate was
used for the harwarder with the hotsaw attachment. On-road transportation time was
estimated using Byrne et al.’s (1960) study. Two road classes were used to match what was
observed in the field and constants were added to the cycle travel times to account for
loading and unloading material.
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Table 4.2 – Utilization rates
Equipment/Personnel
Feller-buncher, Harwarder felling
Rubber-tired grapple skidder
Delimber, Harwarder processing at the landing
Harwarder processing from piles in the woods*
Harvester, Harwarder with processor
Forwarder forwarding slash, Harwarder forwarding slash
Forwarder forwarding roundwood, Harwarder forwarding roundwood
Sawyer
Grinder at staging area*
Front-end loader
USFS slash pile burning crew*
USFS hand slash and pile crew*
Hauling slash, hog fuel, and roundwood*
*From field observation.
Using

the

General

Machine

Rate

Calculator

Utilization %
60%
60%
90%
63%
60%
65%
65%
75%
88%
88%
75%
75%
80%
(available

at

http://www.srs.fs.usda.gov/forestops/download.htm, last accessed March, 2009) and the
purchase prices of new machines, hourly machine rates were determined (Table 4.3).
Table 4.3 – Assumed machine hourly costs
Machine
Harwarder
Sawyer
Skidder
Delimber
Forwarder
Feller-buncher
Harvester
Haul truck
Roll-off bunk
Roll-off bin
Hand slash and pile crew
Pile burning crew
Front-end loader
Grinder
Chip van Haul Rate (dollars per loaded mile)
USFS slash pile burning crew
USFS hand slash and pile crew
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Scheduled Machine Hourly Rate ($/hr)
$176.13
$25.15
$89.25
$120.36
$130.29
$125.08
$143.60
$77.63
$1.51
$2.60
$135.41
$52.20
$71.46
$251.42
$4.74
$52.20
$135.41

Cost Analysis
A total of seventeen harvesting systems (Table 4.4) were compared using
standardized conditions and variable input assignments (Table 4.5). These systems were
variations of three basic system groups: (1) harwarder, (2) ground based whole-tree, and (3)
cut-to-length. The seventeen systems were configured to display a wide variety of machines
and the effect their relative costs, utilization rates, and production rates have on the overall
system production and cost.

Mobilization costs were ignored when comparing these

systems.
Table 4.4 – Analyzed roll-off system descriptions
System
1
2
3
4
5

6
7
8
9
10
11 - 16
17

System Description
Three pass system with the harwarder using the hotsaw, processor, and grapple. Transport
the slash to a staging area to prepare for grinding. Grind the slash and deliver it with chip
vans.
Same as “System 1” but adds sawyer to cut trees less than 4.5 inches DBH.
Two pass system with the harwarder using the processor and grapple. Transport the slash to a
staging area to prepare for grinding. Grind the slash and deliver it with chip vans.
Same as “System 3” but adds sawyer to cut trees less than 4.5 inches DBH.
Two pass system with the harwarder using the hotsaw. The grapple skidder moved prebunched bundles to the landing to be processed by the harwarder with the processor. The
harwarder cut and forwarded trees less than 4.5 inches DBH. Grind the slash and deliver with
the chip vans.
Same as “System 5” but adds sawyer to cut trees less than 4.5 inches DBH.
Same as “System 5” but replaces the harwarder with a feller-buncher, skidder, and a delimber.
Same as “System 7” but adds sawyer cut trees less than 4.5 inches DBH.
Same as “System 3” but replaces the harwarder with a harvester and forwarder.
Same as “System 9” but adds sawyer to cut trees less than 4.5 inches DBH.
Same as Systems 1 through 10 but mechanically piles slash and hand crew burn the piles.
Hand slash, pile, and burn.

To illustrate how net costs were estimated, a detailed example is provided for System
8 from Table 4.4. First, the production (tons/hour) of each machine involved in the system
was estimated. This was a two step process: (1) estimate the delay-free total cycle time and
(2) estimate the tons per cycle. When using the feller-buncher from System 8 of Table 4.4 as
an example, the “hotsaw” equation from Table 4.1 and values provided in Table 4.6 for the
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relevant variables were used. The total cycle time was estimated to be 2.3 minutes (0.04
hours).
To estimate the tons per cycle, information must be utilized from Table 4.6.
Assuming there was 4 trees per hotsaw bundle and using the species composition
percentages, it was estimated that of the 4 trees, on average 0.4 were ponderosa pine (Pinus
ponderosa) (4*10%), 3 were Douglas-fir (Pseudotsuga menziesii var. glauca) (4*75%), and 0.6 were
western larch (Larix occidentalis) (4*15%).
Of the number of trees by species it was also important to estimate the number of
trees by product type within species. Product-type amounts (by percentage) were calculated
using the known removed harvested tonnage from Table 4.1. For example, it was estimated
that 8.7% of the roundwood tonnage consisted of sawlogs. Applying the sawlog percentage
to the ponderosa pine portion of the bundle it is estimated that of the 4 trees in the bundle,
0.03 are sawlog sized trees (0.4*8.7%).
After the number of sawlog sized ponderosa pine trees per bundle was estimated,
the tonnage was estimated by multiplying the number of trees containing sawlogs by the tons
for one sawlog-sized ponderosa pine tree. The tonnages were grouped by product-type and
species. The tonnage for sawlog sized ponderosa pine per bundle was estimated to be 0.02
tons (0.03*0.44). This process was repeated for each species and product class involved in
the feller-buncher operation. Once estimated, the total tonnage per feller-buncher bundle
was estimated to be 0.6 tons. Taking the tons per cycle and dividing it by the total cycle time
(hours), an average production rate of 15 tons/hour (0.6 tons/0.04 hours) was determined.
Production rates were converted to a scheduled a machine hour (SMH) basis by
applying utilization rates (Table 4.2). In for the case of a feller-buncher, the utilization rate
was 60% (Table 4.2) resulting in a production rate of 9 tons/hour (15*60%).
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Estimated production rates were converted to acres per hour by using the known
harvested tonnage and the total size of the harvest from Table 4.4. For the feller-buncher,
acres per hour was estimated to be 0.6 PMH (15 (tons /hour)/27.4 (tons/acre)). The acres
per hour estimate could then be converted to SMH by using the utilization rate.
Cost per ton was estimated by dividing the hourly rate of the machine by the tons
per SMH (Table 4.3). In the case of the feller-buncher, the cost was estimated to be
$13.90/ton ($125.08 per hour/9 tons per SMH). Similarly, the cost per acre was estimated
by dividing the hourly rate of the feller-buncher by the acres per SMH, resulting in an
estimated cost of $371.31/acre ($125.08 per hour/0.03 acres per SMH). The total cost for
the feller-buncher was then estimated by multiplying the per acre cost by the total acres
treated (Table 4.4). This total cost was $11,139.32 ($371.31 per acre*30 acres).
This process was repeated for each machine used in System 8. Once individual costs were
estimated, they were summed. This total was then added to the transportation costs for
slash, roundwood, and hogfuel. Once all costs were totaled, incoming payments for sold
products were deducted, providing a net cost or profit. Market conditions by product type
at the time of the field studies were used to calculate the net income for the analysis (hog
fuel $42/BDT, pulpwood $36/ton, poles $70/ton, firewood $40/ton, sawlogs $54/ton).
This value was then divided by the total tons and acres to determine the net cost per ton and
per acre.
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Table 4.5 – Harvest/stand information
Variable
Acres
Percent ponderosa pine (harvested tons)
Percent Douglas-fir (harvested tons)
Percent western larch (harvested tons)
Percent lodgepole pine (harvested tons)
Quadratic mean diameter to be harvested
Green moisture content (%)
Anticipated moisture content before grinding (%)
Green tons/acre of sawlogs to be harvested
Green tons/acre of pulpwood to be harvested
Green tons/acre of limbs and tops
Green tons/acre of trees less than 4.5 inches DBH
Average number of trees skidded per turn with grapple
skidder
Average number of trees harvested with dangle-head
processor at once
Dt
Nt (hotsaw)
Nt (all other processes)
Nr
X

Input
30
10%
75%
15%
0%
6
44%
22%
1.7
17.5
8.2
6.7
15
1
3000
4
1.5
1.5
0

Results and Discussion
Roll-off System Costs
A net income for roundwood and slash treatments and for slash treatments only
were calculated for each system (Table 4.6). The net cost is the product revenue minus the
costs. Slash treatment only costs assume that the treatment area has already been harvested
and roundwood products have been removed. Therefore, slash treatment only costs include
the cost of forwarding, transporting slash to a staging area, grinding, and transporting hog
fuel.
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Table 4.6 – Net cost per acre for roll-off harvest systems
RollOff
System
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Roundwood and
Slash Treatment
Cost/Acre
$1,607
$1,438
$1,550
$1,297
$791
$622
$437
$367
$1,133
$929
$1,244
$1,075
$1,187
$933
$867
$664
$1,263

Slash Treatment
Only
Cost/Acre
$661
$661
$661
$661
$338
$338
$271
$271
$511
$511
$297
$297
$297
$297
$246
$246
$1,263

Looking to Table 4.6, systems that utilize grapple skidding are the most cost
efficient. More specifically, System 8 (feller-buncher fells roundwood material, sawyer cuts
trees less than 4.5 inches DBH, grapple skidder moves roundwood to the landing to the
delimber, and forwarder collects trees less than 4.5 inches DBH in the woods) has the lowest
net cost per acre. This is due to the high efficiency of skidding and delimbing at the landing,
as well as lower hourly rates of the involved machinery.
A sensitivity analysis of Systems 2, 4, 8, and 10 was conducted. These systems were
chosen because all of them include the use of hand felling, since it was shown to reduce
costs, and represent the spectrum of systems tested. The analyses used a deviation of 10 and
20% off of the base case unless otherwise noted. Market conditions ($/ton) were increased
until at least one system resulted in a positive revenue. The analysis determined that the net
cost per acre is sensitive to the market price of pulpwood and slash: as market prices
increase the net cost decreases. Furthermore, the net cost per acre is more sensitive to the
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market price of pulpwood. This is because a larger proportion of the material removed was
pulpwood rather than hog fuel. Finally, System 8 results in a positive revenue once the
market price of pulpwood reaches $58/green ton or once the market price of hog fuel
reaches approximately $86/BDT.
A sensitivity analysis of the net cost per acre to the volume harvested by product
type for Systems 2, 4, 8, and 10 was conducted. When comparing the volume of pulpwood
harvested to the volume of trees less than 4.5 inches DBH harvested, System 4, 8, and 10
behave similarly in that they are more sensitive to the volume (tons) of trees less than 4.5
inches DBH per acre (base case of 17.5 tons/acre of pulpwood and 6.6 tons/acre of trees
less than 4.5 inches DBH). However, the opposite is true for System 2. System 2 is more
sensitive to the amount of pulpwood per acre. The reason for this shift is likely because
System 2 uses a three pass approach when harvesting roundwood: (1) fell trees, (2) process
the trees, and then (3) forward the logs to the landing. The same material is handled three
times. Trees less than 4.5 inches DBH are handled the same number of times as with the
other systems. This arrangement results in a higher sensitivity to the volume (tons) of
pulpwood material.
Table 4.6 displays a general progression of net income through system types. The
most costly are three pass cut-to-length systems, followed by two pass cut-to-length systems,
with two pass ground based whole-tree systems the least costly. Adding a sawyer to any
system decreased net costs because the rate of production felling trees smaller than 4.5
inches DBH by hand was nearly equal to mechanical felling but the hourly rate of the sawyer
is much less. Similarly, changing from a three pass system to a two pass system decreased
net costs if hand felling of small stems was included. Hand slashing, piling, and burning,
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however, was considerably more expensive than all of the tested systems because no
products were sold.
Dedicated machine systems were always less expensive than harwarder systems in
the scenarios used for this study. This result was expected because of the high hourly costs
of the harwarder in comparison to dedicated machines that performed at the same
production rate but for a lower hourly cost. Harwarder hourly rates included the cost of
three attachments even though only one was used at a time.

This was generally a

disadvantage to the harwarder. However, a harwarder could be more cost effective when
mobilization costs are considered. Forest contractors would pay to mobilize only one
machine rather than two or three to complete the same function.
To determine if reduced mobilization costs could offset harvesting costs, an analysis
was conducted that considered the mobilization costs for three harvesting systems. A 35
mile mobilization distance was assumed. The net cost per acre as a function of harvest size
was calculated when operating under the same conditions as the systems from Table 4.6 and
is shown in Figure 4.2.

The first system consisted of the harwarder machine only

completing all of the harvesting tasks and had a mobilization cost of $800. The second
system used a feller-buncher to cut all of the trees, a grapple skidder to transport roundwood
to the landing, and a forwarder to move trees less than 4.5 inches DBH to the landing and
had a mobilization cost of $2,400. The third system was composed of a harvester to cut and
process the all of the trees and a forwarder to move all of the material to the landing and had
a mobilization cost of $1,600. Note that these systems included a sawyer and assume
biomass grinding and delivery of all harvested products.
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Figure 4.2 – Net cost per acre by number of acres and harvest system
Figure 4.2 shows that the harwarder system is initially less costly than both of the
other systems. However, this is only the case for harvests less than two acres; an impractical
harvest size (acreage). The harvester and forwarder system is initially less expensive than the
feller-buncher and skidder system. Reduced mobilization costs do not offset the increased
harvesting costs.
The roll-off and hook-lift harvesting system can be competitive with traditional pile
and burn costs of $92 to $850 per acre (Han et al. 2008, Rummer et al. 2005) when using the
majority of the dedicated machine configurations.

Conclusion
The simulations in this study suggest that roll-off containers and hook-lift equipped
machines can be a cost-effective option for biomass utilization given the market, harvest,
and stand conditions used in this analysis. A system consisting of a feller-buncher, a rubbertired grapple skidder, a delimber, and a forwarder for removal of trees less than 4.5 inches
DBH from the woods was the least costly.

The per acre costs were comparable to

traditional pile and burning costs. However, pile and burn costs can vary widely. If using
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the least costly system (System 8) as an example, the market price of pulpwood must reach
$58/green ton or the market price of hog fuel must reach $86/BDT when keeping all other
variables constant to breakeven; nearly doubling the base cases.

However, roll-off

technology and current market conditions may improve in the future which may enhance the
uses of roll-off technology.
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Discussion
Throughout the study several observations and notes were made about issues
regarding biomass utilization using roll-off containers.

Topics include potential

improvements to the system, improvements to management and implementation, and
considerations for future studies regarding this system.

Potential Improvements to Roll-off Technology
Observations from both study sites indicated that there is room for improvements
with the roll-off system. Visibility, pup-trailer usage, and bunk clearance are three issues that
should be considered.
When the harwarder used the bins for forwarding slash to the landing, the operator
had difficulty seeing when traveling in reverse. Decreased visibility occurred due to the door
and the tall, solid steel walls of the bin. As a result, the operator might be forced to not use
the bins at all or use the bins in open stand conditions where the hazard of hitting residual
trees or other equipment was reduced. If the operator chose the latter, forwarding slash
required the use of the log bunks where visibility was adequate but was not efficient at
carrying forest slash due to the open sides.
Visibility was also problematic when determining how full the bin was. To make the
operation as efficient as possible, the bins need to be filled to capacity each turn.
Determining how full the bin was required the operator to exit the cab and climb the bin to
look over the edge. This process may occur 3 to 5 times per turn and may result in delays.
A possible solution to eliminate both of these problems is to cut portions out of the sides of
the bins and install wire mesh that is capable of withstanding the force of the load but also
increases visibility.

56

Another problem that was encountered occurred at a receiving mill when unloading
sawlogs during the Eureka trial. The loader operator attempted to unload the roll-off bunks
with a log stacker as is typically done with log trucks. However, the way in which the bunks
were built created insufficient clearance between the bottom of the logs and the top of the
lower bunk rails. The loader did not have enough space to slide the bars under the load for
removal. To unload the logs, the operator had to use another machine equipped with a
grapple and heel boom to unload the logs two to three at a time. This resulted in an
additional 20 minutes at the mill when a typical unload would have taken a total of 20
minutes based on field observations.

To reduce unloading time the bunks should be

modified to increase the clearance between the bunk rails and the logs. Doing so may
decrease load capacity or raise the center of gravity of a loaded bin too high to maintain
adequate stability. Further design and study is necessary.
Loading the pup trailer with the log bunks in Eureka with a heavy snow fall was
another difficult task. Since the pup trailer didn’t have a hook-lift, the truck had to load a
bunk onto itself first and then transfer this bunk to the trailer. The trailer kept sliding
because of the slick conditions at the landing and the force created by loading the full bunk.
After two failed attempts to load the bunk onto the pup trailer, the trailer was braced with
the truck cab as the harwarder loaded it. This is not ideal since the truck could not load the
trailer by itself requiring the harwarder to delay production. While this problem was only
observed with log bunks since a slash bin was never loaded on the pup trailer, it would be
safe to assume that this same problem would arise if using bins in the same scenario. This
problem could be improved by keeping an area continuously plowed of snow or dedicating a
tree near the landing to serve as a brace for the trailer. Another option, though more
expensive, would be to install a hook-lift or brakes on the pup trailer.
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Considerations for Future Implementation – Lessons Learned
Number of Bins and Bunks Used at Study/Harvest Sites
Throughout the study it was rare to have more than two bins or bunks present at the
harvest site. When only operating with limited roll-off equipment, the hypothesized benefits
were not realized. For example, during the Hebgen Lake trial, the merchantable material was
forwarded to the road side and unloaded to build a log deck. When this occurs, the benefit
of the hook-lift is lost.

Not only is the harwarder handling the material twice when

forwarding, the logs will have to be handled a third time when loading the haul truck. With
such a set-up, the purpose of a roll-off bunk is lost. The harwarder and hook-lift truck are
performing the same operation as traditional cut-to-length systems while incurring the
additional costs of the installed hook-lifts and roll-offs.
For the advantages of roll-off technology to be realized, many bunks and bins should
be utilized. Having several of each at the site would allow the harwarder to unload full
bunks and eliminate the time wasted building the log deck. Similarly, when the hook-lift
truck arrives it can pick up full bunks or bins by itself thereby eliminating the time wasted by
the harwarder having to load the truck. Furthermore, having numerous bins available will
also eliminate the potential issue of waiting on another machine to return with an empty rolloff bin or bunk. These time savings would equate to considerable cost savings as seen in
Table 4.5.
Transporting Chips via Chip vans
When grinding at the Hebgen Lake concentration yard, chip vans were scheduled to
arrive an hour apart to be loaded with hog fuel. As slash was ground into the vans, the truck
driver would observe the progress from outside the cab. As the ground material started to
pile above the top edge of the trailer, he would pull the truck forward to facilitate proper
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loading. Of the 16 loads shipped during the Hebgen Lake trial, each averaged 25 green tons
per load at a moisture content of 21.7%. The legal limit for payloads in Montana and Idaho
(where ground biomass was delivered) is 30 tons for tandem trucks with a pup trailer. This
means that, on average, each truck was 5 tons underweight. Theoretically, this same volume
could have been transported with 14 loads instead of 16. At a haul rate of $390 per load, the
extra two loads resulted in an additional $780. Table 5.1 displays the sensitivity of net
income per acre of System 8 under the conditions used in chapter 4.
Table 5.1 – Sensitivity of net income per acre to green tons per chip van load
Green tons per chip van load
Net income
per acre

20

22.5

25

27.5

30

-$406.65

-$393.29

-$382.61

-$373.87

-$366.59

Table 6.1 shows that the costs could have been reduced by $15.74 per acre
($2.35/bdt) if full loads were utilized. To promote maximum capacity loads, the trucking
company should be contracted on a per ton rate rather than a per hour rate. This would
provide incentive for the trucking company to perform at a high utilization rate.
Additionally, the truck operators failed to utilize the truck scales that were at the staging area.
In future use, such scales must be utilized.
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Appendix
Supporting Analyses
Vegetation Measurements
Stand data was collected pre- and post-harvest with a systematic cruise consisting of
20 basal area factor (BAF) variable radius plots, spaced at three chains, for all trees greater
than 4.5 inches DBH and 1/100th acre fixed-radius plots to measure trees less than 4.5
inches DBH. The pre- and post-harvest plots were not in the same locations. Species,
height, and DBH were measured for trees larger than 4.5 inches DBH (Table 6.1). For trees
taller than 4.5 feet but less than 4.5 inches DBH, height was measured. For trees less than
4.5 feet tall a count of trees by species was recorded (Table 6.1). The quantity and spatial
distribution of regeneration was extremely variable. As a result, post-treatment results for
some units show an increase in the number of trees less than 4.5 inches DBH as compared
to pre-treatment stand estimates.
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Table 6.1 – Stand density for harvest sites
Trees per acre (TPA) by height class of trees ≤ 4.5 inches
DBH
<4.5
≥4.5
≥10
≥20
≥30
All trees [80%
feet
to
to
to
feet
confidence
<10
<20
<30
interval]
feet
feet
feet

Unit

Basal
area
(ft2/acre)
of trees
> 4.5
inches
DBH

TPA for trees
> 4.5 inches
DBH [80%
confidence
interval]

Number
of plots

Eureka Pre

40

20

40

20

30

181.8,
[72.2, 291.4]

154

249.2,
[198.1, 300.3]

10

Eureka Post

242.9

14.3

0

0

0

300,
[89.2, 510.8]

62.9

52.7,
[48, 66.4]

7

1046.7

166.7

20

13.3

0

275

0

0

8.3

8.3

700

0

0

0

0

Hebgen Lake – Unit
19C(b) Mech. Post

300

14.3

0

0

Hebgen Lake – Unit
19C(c) Hand Post

987.5

12.5

0

Hebgen Lake – Unit
21 Pre

1200

0

Hebgen Lake – Unit
21 Post

720

40

Hebgen Lake – Unit
19A Pre
Hebgen Lake – Unit
19A Post
Hebgen Lake – Unit
19C(a-c) Pre

1325,
[555.7, 2,094.3]
291.7, [136.6,
446.7]
750,
[515.6, 984.4]

476.9,
[361.1, 592.6]
253.6,
[167.8, 339.3]
119.1,
[56.4, 181.9]

42.5

12

0

328.6,
[149.8, 507.3]

30

107.7,
[73, 142.4]

7

0

0

429.2,
[169.5, 688.8]

52.5

221.7,
[154, 289.3]

8

0

0

0

1,160,
[829.6, 1,490.4]

52

240.8,
[135.8, 345.9]

5

20

0

0

750,
[287.4, 1,212.6]

44

293.2,
[193, 393.4]

5

72.7

45

15

8

A slash pile cruise was conducted for units 19C(b) and 19C(c) in Hebgen Lake. The
cruise consisted of one quarter acre circular plots spaced at three chain intervals along
transects similar to Heath et al. (1995). Within each plot the number of piles was recorded
along with their approximate width, length, and height in feet. These dimensions were used
to calculate cubic feet of slash using a half-ellipsoid volume equation and tons of biomass
using a packing ratio of 20% (relatively compact) and an oven dried wood density of 23.7
lb/ft3 (Panshin et al. 1964) following methods outlined in Hardy (1996). These values were
used to compare machine piles to the hand crew piles (Table 6.2).
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Table 6.2 – Slash pile cruise summary
Unit
Piles per
Ft3/pile
acre
[80% C.I.]
Mechanical
573
8
piles (19C(b))
[390, 757.9]
281
Hand (19C(c))
15
[277.2, 357.3]

Tons/pile Tons/acre Number
of plots
2.4

19.4

4

1.2

17.8

8

Production Rates
The first manuscript developed total cycle time equations for several roll-off
processes. However, not all of the processes were covered in these two manuscripts because
total cycle time equations could not be adequately developed due to study design, data
limitations, or a lack of defined, quantifiable cycles. These missing processes were analyzed
using linear backwards regression where applicable; otherwise, averages calculated from
time-and-motion data was used.
Sawyer
Prior to mechanical entry in several units (see Table 3.1 and 3.2), a sawyer hand
felled all trees less than 4.5 inches DBH. This process consisted of cutting (86.4% of total
cycle time) and productive delays (13.0%). Distance traveled between trees was not feasible
to collect. Therefore, an average production rate of 4.8 green tons per hour was calculated
by multiplying the number of trees cut within a unit time by the tons per tree (Table 3.6) and
dividing that product by the time observed.
Hand Slashing, Piling, and Burning
Hand crews kept detailed shift-level records as to the number of personnel working
daily, hourly wages, hours worked, and costs of consumables such as gasoline. The total
amount of time spent on each process and the total area treated are presented in Table 6.3.
From these data a production rate of 2.3 green tons per hour per average crew size for hand
slashing and piling and a rate of 8.5 BDT per hour for pile burning was calculated. Crew
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size for hand slashing and piling ranged from one to 11 personnel, averaging five members.
Crew size for pile burning was nine members.
Table 6.3 – Hand crew summary
Process
Hand slashing and piling
Pile burning

Scheduled
hours
132
39

Productive
hours
98
unknown

Area
(acres)
19.3
38.5

Mechanical Slash Piling
Slash was mechanically piled after felling and processing with the dangle-head
processor to model slash piling efforts as is sometimes done after cut-to-length harvesting.
Mechanical slash piling total cycle time consisted of travel time (24.7% of total cycle time),
slash piling (74.9%), and productive delays (0.4%). (Adjusted R2 = 0.561, SEE = 4.9, N =
33):
TCMP = 3.611 + 0.1042(Dmp)
where:
TCMP = Total cycle time for mechanical brush piling in minutes
Dmp = Average distance traveled between mechanical piles
Grinding
Grinding was observed at the Hebgen Lake study site.

A Vermeer HG6000

horizontal grinder (530 HP (horsepower), 56,000 pounds) was used along with a Caterpillar
930G front-end loader (149 HP, 28,725 pounds).

Time observations consisted of

positioning the truck (1.7% of total cycle time), grinding and loading (97.7%), and
productive delays (0.6% of total cycle time). The grinder and front-end loader produced
material as long as a truck was present to load resulting in an observed utilization rate of
75.2%. A production rate of 16.9 BDT per hour or 21.6 green tons per hour was calculated
(moisture content of 22%).
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On Road Transportation Time
Total cycle time for transporting roundwood from the harvest site to the mill and
transporting hog fuel from the staging area to the end use facility was calculated by using the
“Logging Road Handbook: The Effect of Road Design on Hauling Costs,” developed by the
USDA Forest Service (Byrne et al. 1960). Specifically, Table 10 in the text was used to
determine the roundtrip minutes per mile by road class. An average road grade of zero was
assumed. Although road grade measurements were not collected in the field, all haul roads
were flat or of gentle terrain. Two road classes were used to match what was observed in
the field (Table 6.4).
Table 6.4 – Transporting material classification
One-way distance (miles)

Time per round-trip mile
(minutes)
Gravel double
Paved
lane with fair
Highway
alignment

Product type

Gravel double
lane with fair
alignment

Paved Highway

Roundwood
Slash

6
6

36
1

4.23
4.23

2.88
2.88

Hog fuel

0

40

0

2.88

In addition to the calculated travel times, a constant was added to the transportation
time to account for time spent loading at the landing or staging area and unloading of the
end-use facility. These average constants were as follows: roundwood material, 45 minutes;
slash, 10 minutes; and chip vans, the time to load the chip van which was calculated by
dividing the bone dry tons (BDT) per load by the BDT per hour production rate of the
grinder plus 25 minutes to unload.

The roundwood constant was derived from

observational data from the Eureka study site (n=1). The slash constant was derived from
observational data from the Hebgen Lake study site (n=4). The chip van constant was
provided by the Basic American Foods receiving facility (Rexburg, ID). The observed on-
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road travel time for delivering roundwood at Eureka was 75.4 minutes. Using Byrne et al.
(1960) to estimate the travel time when assuming zero percent grade, the outcome is 73.1
minutes which compares favorably to the observed on-road travel time.
Other Analyses
Cost Savings by Using Roll-Off Technology with Roundwood Material
The use of the roll-off bunks provided an increase in efficiency when unloading logs
from the harwarder to the landing and when loading logs onto the hook-lift truck. Typically,
a forwarder would return to the landing and unload logs with the grapple to build a log deck.
Once enough material was stock-piled, the haul truck would be scheduled to pick up and
deliver the material to surrounding mills. When the truck arrived, the forwarder or a loader
would load the truck with logs from the deck. However, with the use of several roll-off
bunks, a harwarder could return to the landing, unload a loaded bunk, load an empty bunk,
and return to the woods. Meanwhile, a hook-lift truck could pick up the loaded bunks
without assistance. Doing so allowed the harwarder to stay productive in the woods,
decrease the time spent transferring material from the harwarder to the landing and from the
landing to the truck (Table 4.5), reduce logistical demands when scheduling the truck to
meet the harwarder at the landing, and did not decrease payload capacity as compared to a
traditional forwarder. The increase in efficiency could have a considerable impact on overall
costs (Tables 6.6 and 6.7). When looking to Tables 6.5 through 6.7, please note that the
unloading processes were based off of 15 ton loads whereas the loading of the haul truck
was based off of a 30 ton load since a pup trailer was used to transport an additional bunk.
Also, the total amount of roundwood material removed from the site was estimated to equal
1,100 tons.
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Table 6.5 – Observed time savings with roll-off bunks for loading/unloading per load
Process
Traditional
Roll-off
Time
Percent
method
method
savings reduction in
(min)
(min)
(min)
Time (min)
Unloading pulpwood at landing 4.52 (n=3)
2.56 (n=1)
1.96
56.6%
Unloading sawlogs at landing
5.3 (n=1)
2.56 (n=1)
2.74
48.3%
Loading roll-off haul truck
40.25 (n=1) 21.34 (n=1)
18.9
53.0%

Table 6.6 – Cost savings with roll-off bunks for loading/unloading per load
Process
Traditional Roll-off Cost savings Cost savings
method
method
(per ton)
(per load)
Unloading pulpwood at
$12.86
$7.28
$0.37
$5.58
landing
Unloading sawlogs at landing
$15.08
$7.28
$0.52
$7.80
Loading roll-off haul truck
$155.98
$49.75
$3.54
$106.23

Table 6.7 – Estimated total cost savings ($/Eureka study site) with use of roll-offs for
roundwood transfer when using observed machines
Process
Traditional Roll-off
Cost
method
method
savings
Unloading pulpwood at landing
$600.21
$339.94
$260.27
Unloading sawlogs at landing
$402.16
$194.25
$207.91
Loading roll-off haul truck
$6,354.72 $2,561.23 $4,795.87
Totals
$7,357.10 $2,561.23 $4,795.87
Hourly Machine Costing
Using

the

General

Machine

Rate

Calculator

(available

at

http://www.srs.fs.usda.gov/forestops/download.htm, last accessed March, 2009) and the
purchase prices of new machines, hourly machine rates were calculated (Table 4.8). The
calculation required several inputs to achieve a total hourly cost for scheduled machine
hours. Inputs varied by machine, and pricing was based on new equipment. Machine
pricing was provided by Mike Ployhar of Modern Machinery located in Missoula, MT.
Attachment and hook-lift costs for relevant machines were included in the initial purchase
price. Fuel consumption rates were from Brinker et al. (2002). Base labor pay amounts were
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taken from the Informational Wage Rates by Occupations Part 1 (2007) by the Occupational
Employment Statistics Program of the Montana Department of Labor and Industry.
A value of $3.40 per gallon for off-highway diesel was used for the hourly pricing.
This amount was estimated by projecting a trend line in a graph of Rocky Mountain diesel
costs

provided

by

Energy

Information

Administration

http://tonto.eia.doe.gov/oog/info/wohdp/diesel.asp#graph_buttons,

(available
last

at

accessed

December, 2008) and subtracting the United States federal tax and Montana’s state tax for
on-highway diesel fuel. The trend line mitigated any large spikes in the price of diesel such
as those witnessed during the early spring and summer of 2008.
The expense of the hook-lift ($30,000 per machine) was included in the purchase
price for relevant machines. Roll-off container ($14,415 each) and the roll-off log bunk
($8,363 each) hourly ownership costs were calculated individually.

The hourly ownership

cost for the roll-off bin was $2.60 and for the bunk was $1.51. Operating costs were
assumed to be zero for the bunks and the bins. These costs were added to the harwarder
and haul truck hourly rate as appropriate. Hourly rates assumed 2000 scheduled hours per
year, a 10% interest rate, a utilization rate of 65%, a 25% salvage value, and a life of five
years. Purchase and installation costs are from 2006.
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Table 6.8 – Machine hourly costs
A
2000

B
2000

C
2000

D
2000

E
2000

F
2000

G
2000

H
2000

I
2000

J
2000

K
2000

L
2000

$3.40

$1.60

$3.40

$3.40

$3.40

$3.40

$3.40

$3.40

-

$1.60

$3.40

$3.40

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.10

-

0.10

0.10

0.10

0.65

0.75

0.6

0.9

0.65

0.6

0.6

0.8

-

0.75

0.65

0.88

$716,000

$849

$230,000

$375,000

$445,000

$445,000

$550,000

$155,000

-

$849

$178,000

$550,000

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

-

0.25

0.25

.025

4.0

4.0

4.0

4.0

4.0

4.0

4.0

4.0

-

4.0

4.0

4.0

5

1

5

5

5

5

5

5

-

1

5

5

Horsepower

300

4.4

260

150

300

260

260

520

-

4.4

149

760

Fuel
consumption
(g/hp-hr)
Lube (% of
fuel)
Repair &
Maintenance
(% of dep.)
Miscellaneous
Consumables

0.021667

0.05682

0.02917

0.02917

0.02488

0.02633

0.02633

0.010577

-

0.05682

0.0268456

0.044737

40

40

40

40

40

40

40

40

-

40

40

40

100

100

100

100

100

100

100

100

-

100

100

100

-

-

-

-

-

-

-

-

$2500,
Screen.

$18.01

$18.01

$18.01

$18.01

$18.01

$18.01

$18.01

$90.27

$32,
Chain.
$30, Air
Filter.
$33.66

-

Base Labor
Pay ($/hr)
Benefits/frin
ge (% of
base)
Scheduled
Machine
Hourly Rate
($/hr)

$32,
Chain.
$30, Air
Filter.
$15.63

$18.01

$0.0*

50

50

50

50

50

50

50

50

50

50

50

50

$176.13

$25.15

$89.25

$120.36

$130.29

$125.08

$143.60

$77.63

$135.41

$52.20

$71.46

$251.42

Scheduled
hrs/yr
Fuel Cost
($/gal offhighway
diesel)
Interest Rate
(dec. %)
Utilization
(PMH/SMH)
Purchase
Price
Salvage Value
(dec. %)
Insurance
Rate (% of
replacement
cost)
Life (yrs)

* Assumes the operator of the front-end loader also operated the grinder
where:
A = TimberPro 830B Harwarder with Hook-lift (Hotsaw, Grapple, Processor, Quick Attach System)
B = Sawyer with Stihl 441 Chainsaw
C = CAT 535C Skidder
D = CAT Excavator with Processing Head (Delimber)
E = TimberPro 830B Forwarder with Hook-lift
F = Valmet 445D EXL Feller-Buncher with Rotary Hotsaw
G = Valmet 445D EXL Feller-Buncher with Dangle-Head Processor
H = Peterbilt 389 Class 8 Haul Truck with Hook-lift
I = USFS Hand Slash and Pile Crew
J = USFS Pile Burning Crew
K = CAT 930H Front-End Loader with Slash Rake
L = Vermeer HG6000 Horizontal Grinder
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Detailed Regressions by Process
Hotsaw
Timed
-Travel
-Time to cut and fell trees
-Productive delays
-Non-productive delays
Initial & Final Total Cycle Time
Model – All Variables
Constant
Travel Distance
# of Trees in Hotsaw Bundle

Initial & Final Total Cycle Time
Model Summary

Descriptive
Variables

Report

for

Measured

Travel Distance
# of Trees in Hotsaw Bundle

Measured
-Distance traveled in feet
-Number of trees in hotsaw bundle

Additional

B

Std.
Error

t

Sig.

.671
.021
.253

.156
.001
.050

4.302
15.718
5.070

.000
.000
.000

R

R
Square

Adj. R Square

Std. Error of
Estimate

.634

.402

.399

1.77758

Min.

Max.

Mean.

Std. Dev.

N

0
1

880
9

16.63
2.56

64.452
1.747

416
416
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Dangle-Head Processor – Processing at Landing
Timed
Measured
-Time to reach & grab tree(s) -Number of trees processed at once
-Processing tree(s)
-Number of pieces recovered
-Productive delays
-Non-productive delays

Additional
-Average DBH (in.)

Initial Total Cycle Time Model – All
Variables

B

Std.
Error

t

Sig.

Constant
Average DBH
Number of Pieces Recovered
Number of Trees Processed at Once

-.396
.106
-.017
.054

.071
.010
.019
.018

-5.586
11.152
-.877
2.949

.000
.000
.383
.004

R

R
Square

Adj. R Square

Std. Error of
Estimate

.767

.588

.577

.10967

B

Std.
Error

t

Sig.

Constant
Average DBH
Number of Trees Processed at Once

-.383
.102
.043

.069
.008
.014

-5.529
12.578
3.180

.000
.000
.002

Intermediate Total Cycle Time Model
Summary (a)

R

R
Square

Adj. R Square

Std. Error of
Estimate

.765

.585

.578

.10956

Min.

Max.

Mean.

Std. Dev.

N

5.5
1
1

13.9
4
4

7.8
2.2
1.5

1.26722
.756
.750

117
117
117

Initial Total Cycle Time Model
Summary

Final Total Cycle Time Model

Descriptive
Variables

Report

for

Measured

Average DBH
Number of Trees Processed at Once
Number of Pieces Recovered
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Dangle-Head Processor – Processing in Woods from Hotsaw Piles
Timed
-Travel
-Time to reach & grab tree(s)
-Processing tree(s)
-Productive delays
-Non-productive delays

Measured
Additional
-Distance traveled in feet
-Number of trees processed at once -Average DBH (in.)
-Number of roundwood pi. recovered

Initial Total Cycle Time Model – All
Variables

B

Std.
Error

t

Sig.

Constant
Travel Distance
Average DBH
Number of Merch. Pieces Recovered
Number of Trees Processed at Once

.111
.007
.066
-.084
.123

.151
.000
.017
.040
.058

.732
14.698
3.795
-2.080
2.143

.465
.000
.000
.038
.033

R

R
Square

Adj. R Square

Std. Error of
Estimate

.647

.418

.411

.43166

Intermediate Total Cycle Time Model
(a)

B

Std.
Error

t

Sig.

Constant
Travel Distance
Average DBH
Number of Trees Processed at Once

.169
.007
.050
.051

.149
.000
.016
.046

1.132
14.664
3.195
1.106

.259
.000
.002
.269

Intermediate Total Cycle Time Model
Summary (a)

R

R
Square

Adj. R Square

Std. Error of
Estimate

.641

.410

.405

.43384

B

Std.
Error

t

Sig.

.286
.007
.043

.105
.000
.014

2.714
14.796
3.012

.007
.000
.003

R

R
Square

Adj. R Square

Std. Error of
Estimate

.639

.408

.405

.43399

Initial Total Cycle Time Model
Summary

Final Total Cycle Time Model
Constant
Travel Distance
Average DBH

Final Total Cycle Time Model
Summary
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Descriptive
Variables

Report

for

Measured

Travel Distance
Average DBH
Number of Trees Processed at Once
Number of Merch. Trees Recovered

Min.

Max.

Mean.

Std. Dev.

N

0
4
1
1

753
12
4
4

11.07
7.19
1.72
1.23

48.742
1.6726
.747
.575

333
333
333
333

Forwarding Slash with or without Slash Mat
Timed
-Travel
-Loading Slash
-Unloading Slash
-Productive Delays
-Non-Productive Delays

Measured
-Distance traveled (feet)

Additional

B

Std.
Error

t

Sig.

Constant
Travel Distance

11.079
.012

3.832
.003

2.891
4.017

.034
.010

Initial & Final Total Cycle Time
Model Summary

R

R
Square

Adj. R Square

Std. Error of
Estimate

.874

.763

.716

4.07096

Min.

Max.

Mean

Std. Dev.

N

310

1780

1159.14

548.89

7

Initial & Final Total Cycle Time
Model – All Variables

Descriptive
Variables

Report

Travel Distance

for

Measured
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Forwarding Roundwood
Timed
-Travel
-Loading
-Unloading
-Productive Delays
-Non-Productive Delays

Measured
-Distance traveled (feet)
-Number of pieces handled

Additional
-Site

B

Std.
Error

t

Sig.

Constant
Travel Distance
Number of Pieces Handled
Site

-6.777
.016
.051
26.319

9.022
.004
.023
5.150

-.751
4.033
2.158
5.111

.494
.016
.097
.007

Initial Total Cycle Time Model
Summary

R

R
Square

Adj. R Square

Std. Error of
Estimate

.993

.871

.774

4.44203

B

Std.
Error

t

Sig.

5.020
.015
20.636

9.442
.005
5.822

.532
2.917
3.544

.618
.033
.016

R

R
Square

Adj. R Square

Std. Error of
Estimate

.849

.721

.609

5.84445

B

Std.
Error

T

Sig.

0.18
23.19

.002
3.086

.703
.448

.000
.000

R

R
Square

Adj. R Square

Std. Error of
Estimate

.992

.983

.978

5.48395

Min.

Max.

Mean

Std. Dev.

N

569
70

2105
344

1317.12
154.5

591.69
89.24

8
8

Initial Total Cycle Time Model – All
Variables

Intermediate Total Cycle Time Model
Constant
Travel Distance
Site

Intermediate Total Cycle Time Model
Summary

Final Total Cycle Time Model
Travel Distance
Site

Final Total Cycle Time Model
Summary

Descriptive
Variables

Report

for

Travel Distance
Number of Pieces Handled

Measured
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Felling and Processing in Woods with Dangle-Head Processor with or without
Sawyer, with or without Slash Mat
Timed
-Travel
-Reaching to Tree
-Cutting and Processing
-Productive Delays
-Non-productive Delays

Measured
-Distance traveled (feet)
-DBH of tree
-Number of roundwood pieces recovered

Initial & Final Total Cycle Time
Model – All Variables
Constant
Travel Distance
DBH
Number of Roundwood
Recovered

Pieces

Initial & Final Total Cycle Time
Model Summary

Descriptive
Variables

Report

for

Travel Distance
DBH
Number of Roundwood
Recovered

Measured

Pieces

Additional

B

Std.
Error

t

Sig.

-.118
.013
.089
.061

.026
.000
.005
.008

-4.593
31.564
18.405
7.318

.000
.000
.000
.000

R

R
Square

Adj. R Square

Std. Error of
Estimate

.741

.549

.548

.20516

Min.

Max.

Mean

Std. Dev.

N

0
3
0

115
14
4

5.0
6.23
1.3657

12.2159
1.28839
.74718

1646
1646
1646
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Rubber-Tired Grapple Skidding
Timed
-Travel
-Time to Load Bundle
-Productive delays
-Non-productive delays
Initial Total Cycle Time Model – All
Variables
Constant
Travel Distance

Initial & Final Total Cycle Time
Model Summary

Final Total Cycle Time Model – Sig.
Variables
Travel Distance

Final Total Cycle Time Model
Summary

Descriptive
Variables

Report

Travel Distance

for

Measured

Measured
-Distance traveled (feet)

Additional

B

Std.
Error

t

Sig.

-160.695
0.103

68.9
.043

-2.332
2.493

.102
.094

R

R
Square

Adj. R Square

Std. Error of
Estimate

.814

.662

.549

1.28919

B

Std.
Error

t

Sig.

0.004

.001

7.488

.002

R

R
Square

Adj. R Square

Std. Error of
Estimate

.966

.933

.917

1.87261

Min.

Max.

Mean.

Std. Dev.

N

1600

1640

1621

15.166

5
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Slash Piling
Timed
-Travel
-Piling Slash
-Productive Delays
-Non-productive Delays

Measured
-Distance traveled (feet)

Additional

B

Std.
Error

t

Sig.

Constant
Travel Distance
Site

2.709
.042
1.558

1.727
.007
1.787

1.569
6.343
.872

.12
.000
.390

Initial Total Cycle Time Model
Summary

R

R
Square

Adj. R Square

Std. Error of
Estimate

.765

.586

.558

4.91597

Initial Cycle Time Model – All
Variables

B

Std.
Error

t

Sig.

Constant
Travel Distance

3.611
.042

1.377
.007

2.623
6.478

.013
.000

Final Total Cycle Time Model
Summary

R

R
Square

Adj. R Square

Std. Error of
Estimate

.758

.575

.561

4.89695

Min.

Max.

Mean.

Std. Dev.

N

40

700

165.27

132.324

33

Final Cycle Time Model – Sig.
Variables

Descriptive
Variables

Report

Travel Distance

for

Measured
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